To 


IBRATION is that pulsing, throbbing motion 
with which you are familiar—in machinery, in 
office buildings, even in a house. Seldom can you 
see it; more often only the finest sense of touch can 


detect the vibrating movement. 


But suppose an engineer wants to know the amplitude 
of vibration, or the speed of vibration—that is, the 
vibration velocity—or the rate at which the velocity 


changes; i.e., acceleration. 


An instrument recently developed by General Electric 
measurement engineers can measure these values ac- 
curately and either indicate or record them. It has 
been used to check motors in a production line, to 


study the vibration of turbines, fans, automobiles, 
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Measuring vibration of large punch press 


buildings, and balancing machines, and for other 
applications. Such knowledge is valuable to the de- 
signer and will prove more and more so in view of 
the increasing importance of vibration in present-day 
industrial problems. 

Thus, electricity continues to contribute to the 
progress of measurement—and in this work G-E 
engineers have played prominent roles. Today there 
are G-E instruments to measure color, sound, light, 
distance, lightning, and other phenomena. For elec- 
trical measurement, there are instruments to measure 
current, voltage, resistance, watts, frequency, power- 
factor —dozens of standard types, indicating and 
recording, in ratings to meet every need. If you have 
any problem that involves measurements, let General 
Electric, Schenectady, N. Y., help you solve it. 
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1938 Reference Index. For the convenience 
of members and readers, the annual multi- 
entry reference index to material published 
by the AIEE during the year 1938 is pub- 
lished in pamphlet form as Section 2 of this 
issue of ELECTRICAL ENGINEERING. As an 
added convenience, this index is divided 
into two parts: Part one covers general- 
interest articles and news items; part two 
covers all technical papers and discussions 
published in the 19388 TRANSACTIONS, 
including both those preprinted in the 
monthly sections of ELECTRICAL ENGI- 
NEERING and those published only in the 
TRANSACTIONS volume, which are being 
reprinted in the ‘TRANSACTIONS Supple- 
ment.” Thus, those who have ordered 
copies of the Supplement will find all 
papers contained in that publication listed 
in this index. 


Circuit Breakers. A new multibreak inter- 
rupter that is applicable to conventional 
tank-type high-voltage oil circuit breakers 
has a pressure-generating gap associated 
with each interrupting gap to force oil be- 
tween the parting contacts (Transactions 
pages 705-12). To determine whether a 
138-kv oil circuit breaker would perform 
successfully under severe duty on a system 
of high capacity, a series of field tests has 
been conducted on a large power system 
(Transactions pages 696-705). 


Engineering and the Law. Many new legal 
problems have arisen out of the new de- 
velopments in the social structure brought 
about by engineering and scientific achieve- 
ments. While today engineers assist law- 
yers materially in situations where engineer- 
ing questions are involved, there is an op- 
portunity for broader service through a 
closer co-operation between the engi- 
neering and legal professions (pages 477-9). 


Characteristics of Triodes. If vacuum 
tubes be operated with their grids strongly 
positive during a short interval in each 
cycle, the usual equation for plate current, 
used for negative or low positive grid po- 
tentials, is not valid for large positive grid 
potentials, but may be modified to pro- 
duce dependable results (Transactions 
pages 693-6). 


Remote Control. Omission of the custom- 
ary master relays, phasing relays, and as- 
sociated current transformers from network 
protectors in a low-voltage a-c network, and 
substitution of a remote-control system of 
pilot wires operated from relays at the 
supply substation, may provide a reliable 
installation at economical cost (Tvransac- 
tions pages 685-92). 


Value of AIEE to the Engineer. ‘‘The 
Institute will realize its fullest value to the 


membership when as many as possible of 
the 15,000 members are participating in 


some way or other in the conduct of their 


professional organization” said AIEE Presi- 
dent John C. Parker in an address at a 
recent Section meeting (pages 506-07). 


Petersen Coils. Careful analysis of the 
characteristics of a power system has been 
found to be necessary before applying 
Petersen coils, which are intended to reduce 
outages by extinguishing the arc at the point 
of fault without the operation of circuit 
breakers (Transactions pages 663-76). 


Fluorescence. A property of many sub- 
stances, fluorescence consists of an emission 
of light under excitation by radiation of a 
wave length within a critical absorption 
band, and is associated with the presence of 
a specific ingredient at low concentration 
(Transactions pages 677-81). 


Glass Insulation. Fiber glass now has 
been developed to the point where it can 
be woven into tape for insulating the 
windings of electrical machines. Its ability 
to withstand high temperatures makes it 
particularly adaptable to use in railway 
motors (pages 480-3). 


Lightning. During the past four summers, 
lightning strokes to the 1,250-foot Empire 
State Building in New York, N. Y., have 
been studied, and many records have been 
obtained by means of the Boys (moving 
lens) camera and cathode-ray and crater- 
lamp oscillographs (pages 493-505). 


Research and Progress. Continued re- 
search and development is necessary for 
technical progress, as is proved by the 
mortality of business enterprises not en- 
gaging in research whose products are per- 
mitted to fall behind and;become obsolete 
(pages 484-8). 


Memory Attachment for Oscilloscope. For 
obtaining oscillograms of ‘‘random phe- 
nomena and events immediately preceding 
and following their occurrence” a device 
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known as the ‘‘memmnoscope” has been 
produced (Transactions pages 682-5). 


Winter Convention. Two general sessions 
with speakers of national repute and tech- 
nical sessions on a wide variety of subjects 
are being scheduled for the AIEE 1939 
winter convention to be held in New York, 
N. Y., January 23-27 (pages 508-09). 


Chemistry and Dielectrics. The chemist, 
as well as the engineer and physicist, has 
an important role to be played in the 
successful solution of problems in high-volt- 
age dielectric engineering (pages 489-92). 


Correction. In the article “Graphics in 
the Solution of Complex Quantities” by 
E. C. Goodale in the November 1938 issue, 
sentences three and four of paragraph one, 
page 453, should read: ‘The electrical 
quantities of a series circuit are determined 
most simply by finding first the impedances 
of the parts that are in series, then solving 
for the common current (if it is not given) 
and for the voltage drops. A multiple 
circuit is solved most simply by expressing 
it in terms of its admittances, then solving 
for the common voltage (if it is not given) 
and for the currents in the branches.” ‘The 
beginning of the third paragraph in the 
second column should read: ‘‘From the 
similar triangles OUB and OAB’;”’ and 
the end of the first paragraph on page 454 
should read: ‘‘From the similar triangles 
OAB and OUB’.” 


Coming Soon. Among special articles and 
technical papers now undergoing prepara- 
tion for early publication are: two articles 
on the professional phase of engineering 
education—one discussing the subject from 
the viewpoint of professional registration, 
by P. H. Daggett (A’08) and the second 
presenting an industrial viewpoint, by O. W. 
Eshbach (F’37); articles based upon two 
papers presented at the Seventh Inter- 
national Management Congress—one on 
management’s responsibilities to society, 
by A. W. Robertson (A’27) and the other 
discussing the influence of technical progress 
upon social developments, by K. T. Comp- 
ton (F’31); an article reviewing the year’s 
progress in insulation research, by J. B. 
Whitehead (F’12); an article presenting a 
summary of recent actions pertaining to the 
meter-kilogram-second (Giorgi) system of 
units, by A. E. Kennelly (HM’33); a 
paper on traveling waves initiated by switch- 
ing by L. V. Bewley (M’837); five papers on 
the co-ordination of mathematics, physics, 
and electrical engineering subjects in 
engineering schools, by J. M. Bryant 
(M’13), W. A. Curry (F’37), M. G. Malti 
(M’34), T. H. Morgan (M’31), and B. R. 
Teare, Jr. (M’36); a paper on the applica- 
tion of capacitance potential devices by 
J. E, Clem (M’30); a paper on the flash- 
over characteristics of transformer capaci- 
tor bushings by H. L. Cole (M’21); and a 
paper describing a current-limiting power 
fuse by D. C. Prince (F’26) and EB, AG 
Williams, Jr. (A’37). 
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Engineering and the Law 


By CHARLES W. APPLETON 


lawyer’s business consisted 
largely of writing deeds, 
running down titles, making 
and breaking wills, convicting 


[: THE OLD DAYS a 


lawsuits about line fences. 
But how things have changed, 
with the improvements in the 
steam engine beginning with 
Sickles’ drop-cut-off or detachable valve-gear, the growth 
of rail transportation, the expansion of the steel and 
textile industries, and the advent only yesterday of the 
steam turbine, automobile, airplane, and radio—all engi- 
neering creations—to say nothing of the dynamo and the 
motor, electric traction, elevated railways, electrified 
subways, and the great public utility companies. 

It is notorious that during the heyday of this develop- 
ment, the legal profession flourished like a green bay tree. 
Think of the damage and injunction suits, condemnation 
proceedings, franchise disputes, railroad collisions, indus- 
trial accidents, and lawsuits arising out of contamination 
of the air and water. The disputes became so numerous 
and often the dockets of the courts were so clogged that the 
legislatures had to come to their relief and establish special 
machinery to take up the overload so that they might 
again function at their rated capacity. 

There is a general impression that the law and the 
legal profession, and not engineering, is at the bottom of 
most of the annoyances and unpleasantness that afflict 
us, but I think that this idea comes from a failure to under- 
stand what the law really is. I am speaking, of course, of 
the common law inherited from England, which is rather 
figuratively spoken of as having been brought over on the 
Mayflower, and is in truth the glass in which democracy 
sees its feature and its form. The common law and the 
democratic institutions are as warp and woof, and a change 
in one has its inevitable repercussions on the other. 
Wrought for almost a thousand years as on an anvil out 
of the experience of the English-speaking people, recorded 
in countless books of law reports containing the printed 
record of millions of actual court decisions, it expanded 
step by step to attempt to adjust and reconcile and, as it 
were, to absorb and digest the new problems created by 
the rise of the scientific age. Dealing thus with the out- 
burst of invention, the startling expansion of engineering 
applications, the introduction of the factory system, the 
dislocation of the domestic economy, and the bewildering 
increase in the complexity of social relations, it forms a 
heritage, the like of which is possessed by no other nation 
on earth. 

One can think of law as an engineer or scientist thinks 
of electrons, atoms, molecules, attractions and repulsions, 
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New developments in the social structure, brought 
about by the results of scientific and engineering 
achievements, have increased the intricacy of 
legal problems tremendously. By working to- 
gether, the lawyer and the engineer undoubtedly 
can contribute more than they have in the past 
through wider appreciation of the economic and 
social problems involved. 
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strains and stresses, masses. 
The individual is the electron; 
the atom the family; the mole- 
cule the corporation, associa- 
tion, village, or other small 
organized group; the masses 
the city, state, and similar 
large administrative divisions. 
The attractions and repulsions, 
the strains and stresses, the 
interrelations, the valences, as it were, are the rights and 
duties that law is designed to measure, evaluate, weigh, 
and enforce. 

There have been innumerable definitions of ‘aw,’ and 
thousands of books have been written on the subject. This 
arises from the fact that it is a general term and in its 
broadest sense means a rule or principle of action or reac- 
tion and may embrace anything from the laws of physics 
and chemistry or of the universe, to the moral law, the 
Roman or civil law, or so-called natural law. 

Law in the sense that I am using it is the law that faces 
one when he is arrested or becomes involved in a lawsuit, 
and which is administered by the judges and juries sitting 
in the imposing court houses that may be seen in every 
county and city in the land. 

The court decisions or ‘‘cases’”’ may be taken as borings 
or samplings from a mine of experience of incomparable 
richness. They are all classified, arranged, and pigeon- 
holed so that any trained lawyer can refer to them on the 
shortest notice. Many of the strange words and phrases 
in deeds and formal documents are actually inheritances 
and survivals from these ancient times. Many jokes 
have been built on the idea that lawyers are the slaves of 
precedent, but what would engineers, what would any 
learned body give if they had a written record of as many 
tests! And perhaps lawyers are not alone in being crea- 
tures of habit—only frank enough to admit it. 

Now I am afraid that the conception of law entertained 
by engineers and many others is quite different, because in 
their daily work they are more likely to find themselves 
annoyed or thwarted as by the provisions of a city ordi- 
nance, regulation, or state statute, providing for inspection 
or the approval of a board, and they stand aghast at the 
flood of new statutes enacted annually by the states and 
the Federal Government. Well, the courts and lawyers 
must recognize these just as all other groups and citizens 
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do, but the lawyer thinks of them as Jaws and not as law. 
They are the result of action by the legislative and not the 
judicial branch of the government, but may come before 
the courts for interpretation either as to their meaning or 
their conformity to the basic law of the land. 

Numerous as these laws seem to be, they are after all a 
mere fringe on the body of the law and in many instances 
are made necessary to deal with situations to which the 
processes of litigation often are unsuited or inadequate be- 
cause of the suddenness or rapidity of the social changes 
created by engineering and scientific developments. But 
under and above it all is that great fundamental “law of 
the land,” recognition of which by King John was com- 
pelled by the barons in Magna Charta in 1215, and which 
has been defined better than anywhere else by Daniel 
Webster in his argument in the famous Dartmouth College 
case where the New Hampshire legislature, without its 
consent, had attempted to alter the charter of the corpora- 
tion granted to it by the British Crown. ‘‘By the law of 
the land,” said Webster, ‘is more clearly intended the 
general law, a law which hears before it condemns; which 
proceeds upon inquiry, and renders judgment only after 
trial. The meaning is that every citizen shall hold his 
life, liberty, property and immunities, under the protec- 
tion of the general rules which govern society.”’ Not 
every enactment or statute passed by the legislature, not 
all “‘laws,’”’ said he, are Jaw unless they conform to the 
fundamental law of the land, and in this case the charter 
was a contract that could not be impaired and that even 
the American revolution had not dissolved. 

Now what are the methods, what is the technique of the 
law? Manifestly as new developments in the social struc- 
ture, in science, invention, and engineering are brought 
before the courts, they cannot rely on the precedents be- 
cause the force or apparatus is an entirely new one or is 
given a new application. Naturally questions arising in 
connection with them never before have come to the courts 
for adjudication. Therefore, no other course is left but 
the resort to analogy in an attempt to find a guiding prin- 
ciple. 

Let me illustrate how they dealt with electrical phe- 
nomena. Of course, only scientists and engineers knew 
what electricity was in 1779 when Volta discovered that it 
flowed, or when in 1825 Sturgeon found he could make an 
electromagnet, or when in 1831 Faraday made the first 
dynamo, and Edison later established his central station, 
or when Stanley came along with his transformer in 1886, 
the year in which a whole galaxy of engineers rose above 
the horizon like the sun in its chariot and the a-c era began. 

Out of a clear sky, as it were, a multitude of legal prob- 
lems arising out of this fearful progeny of the thunder 
cloud were laid at the door of the courts—mysterious forces 
that disturbed the telegraph and telephone, that gnawed 
at the service pipes and iron structures, that disturbed the 
electric lights. What were they? Was priority to con- 
trol? Was first in time, first in right, according to the 
old maxim? If adjustments were possible, should they 
be compelled, and if so, who was to make them, and how 
was the expense to be apportioned? Could any one do as 
he pleased on his land so long as he was skilled in his art, 
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or did he act at his peril if his neighbors were injured or 
annoyed? Heretofore the owner of the surface had owned 
from the center of the earth to the top of the sky. As an 
early lawyer who was used to calling a spade a spade ex- 
pressed it: ‘He who owns the soil owns all above and 
below from heaven to hell.”” The land law which grew 
out of the feudal system was the most ancient, the most 
certain, the most unalterable of any part of the common 
law. The highways were laid out for passage and travel 
on foot or horseback, possibly with horse and buggy. 

Lawyers and courts turned to the nearest analogy. If 
one gathered water on his land in unnatural quantities, as 
by a reservoir and it escaped to the injury of another, it 
had been held that he was liable in damages. If he 
harbored a vicious animal and allowed it to escape, again 
he was liable. If even on his own premises he created a 
noise that disturbed his neighbors, or poured noxious 
fumes into the air, or polluted the common stream, again 
he must respond in damages to those who suffered from 
his acts. While it was conceded that one might do what 
he would with his own, there was a corollary to this to the 
effect that he must do so without injuring another who 
had rights of his own. With some such reasoning, the 
courts approached problems of electrolysis, of inductive 
interference, and are today wrestling with radio interfer- 
ences as related to the use of diathermy apparatus; and 
before long we may prophesy X-ray and ultraviolet insu- 
lators and other electrical phenomena and devices. 

The development of aviation and broadcasting present 
two other areas of conflict. By the old law, the owner of 
the surface had the rights to which I have referred. But 
the law does not indulge in theory, and when a real case 
arose the plaintiff had to show that he suffered damage or 
that the person using the air had created a nuisance, and 
this he was seldom able to do. Since airplanes covered 
such vast distances in so short a time, and courts as a rule 
could function over only limited areas, prevention rather 
than post mortems appeared to be in the public’s interest. 
Therefore, Congress passed a statute regulating air traffic 
and empowering the Secretary of Commerce to formulate 
rules dealing with the altitude above the earth that the 
pilot must follow and other matters. While it may seem 
that this made a change in the law, as a matter of fact the 
legislative act is merely an attempt to reduce the hazards, 
to minimize litigation, and facilitate the growth of the 
art. Again, the new legal problems growing out of broad- 
casting are staggering in their import, with their effect on 
the freedom of speech, liberty of the press, and even inter- 
national relations. These problems today stand at the 
door of the courts; and we may be sure that through the 
due processes of the law of the land, supplemented and 
augmented here and there by legislation, their solution at 
last will be found. But this isnot the end. There will be 
no end until, in the words of Kipling, ‘‘earth’s last picture 
is painted.” 

Need we ask how the courts will approach the problem 
of the stratoplane when it begins to interfere with the 
ancient art of flying in the nether air and to crowd the 
regular users from the landing fields? Wasn’t the air 
made to fly in, just as the streets and highways were laid 
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out to walk on or travel on with horse and buggy? 
What a wonderful thing it would have been if earlier in 
this period of development lawyers and engineers could 
have had a better understanding of each other’s problems 
and had worked closer together to anticipate their solu- 
tion on a basis that would command public support, hav- 
ng regard to the daily increase in the complexities of social 
| ations and the consequent problems of legislation and 
government, Then we might have had less public regula- 
tion and more self-regulation, fewer entangling ordinances 
and battalions of inspectors, and a lesser flood of legisla- 
tion. : 

_ The work of the Joint Subcommittee on Development 
and Research of the Edison Electric Institute and Bell 
Telephone System composed of eminent lawyers, execu- 
tives, and engineers and dealing with physical relations be- 
tween electrical-supply and signal systems is a striking 
example of what might have been accomplished. It is 
“too late to cry over spilled milk,’’ but it is not too late 
to look ahead to the end that we may profit by the experi- 
ence of the past as we approach the problems that lie 
ahead. As in the past, I believe that the burden will con- 
tinue to rest upon what seem to me to be the great pillars 
of our social and economic system—engineering and the law. 

There was a time when men of good intellectual and 
moral parts, like Washington, Jefferson, and Franklin, 
could comprehend, and as it were, encompass the phenom- 
ena of the times in which they lived and give them direc- 
tion. But granted that we have men with equal intellec- 
tual power and love of country today, how enormously 
more difficult is the task with all the new forces and de- 
velopments to which science, engineering, manufacturing, 
and methods of distribution have given birth. 

Today we are floundering in a morass of uncertainty 
in so many directions just because, as it seems to me, we 
are ‘‘a prey to economic illusions,’ in the language of 
Justice Holmes, and are afraid to look facts in the face. 
Courts that are untrained and inexperienced in business 
and economics attempt to adjudicate problems of business 
and economics. Doctors of philosophy and economists 
attempt to deal with law who do not understand what law 
is and are, therefore, without power to evaluate it. 

While I would not imply that engineering does not deal 
with human relations, by and large it seems to me to be 
concerned with mathematics and the physical sciences 
and to be primarily concerned with investigating, evaluat- 
ing, planning, and designing works, structures, buildings, 
machines, equipment, and processes, which have brought 
about such a revolution in our mode of living and are the 
real culprits that have brought about the necessity for so 
much legislation. But simplification, elimination of use- 
less parts, generalization, ascertaining the common de- 
nominator are second nature to the engineering profession, 
and it is qualities like these that are needed so sorely 
today as we face the entanglement of conflicting statutes 
and such a multiplication of ‘‘dos” and “dont’s” that the 
ordinary business man and engineer often stand aghast. 

Could the two great stable forces of engineering and the 
law make a greater contribution to public peace and order 
than by not being too puffed up with professionalism and 
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dealing with the problems as plain citizens, equal members 
of society by organization, co-ordination, and conscious 
training? We know that today engineers assist lawyers 
materially in the preparation and trial of cases where engi- 
neering questions are involved. They also frequently are 
requested to assist municipal engineers in the preparation 
of ordinances and codes. They also sit on committees 
charged with the preparation of codes sponsored by differ- 
ent national bodies, and these codes are adopted by munici- 
palities throughout the United States. Why more of 
them do not seek election to the state and federal legisla- 
tures, where they could perform such a wonderful service, 
perhaps the engineers themselves know better than I. 

We must recognize that in our own lifetime the engi- 
neers, in effect, have built a new material world. This 
probably is due to the rapid development of the production 
and use of electricity, but it applies to all the labors and 
avocations of man. Men produce more in a given time, 
travel faster, get world news more quickly, and, in their 
leisure, have more time for consuming the products of 
their labor. Still production and consumption are far 
from synchronized. 

The engineer really never is satisfied with the industrial 
world or any of its devices. He is constantly seeking 
means to do a given job better and for less cost; higher ef- 
ficiency and lower operating expense; greater output and 
smaller unit cost. The engineer is always looking ahead. 
He never is satisfied unless his enterprise is contributing 
each year new inventions and improvements on past in- 
ventions designed to bring greater benefits to mankind. 

The lawyer, however, is generally called in after some- 
thing has been done that presents a problem dealing with 
the past—either in the immediate or distant past—and in 
his consideration of the laws affecting these problems and 
in counsel to others, he, in effect, must take into considera- 
tion the changes in the lives of the people brought about 
by engineers in industrial development. Certainly the 
lawyer like any other enlightened citizen does not want to 
see less made or to give encouragement to those who would 
advocate curbs on enterprise or production. If the objec- 
tive of the engineer is correct in working to provide more 
things for more people at less cost, the lawyer and the engi- 
neer, working together, undoubtedly can contribute more 
than they have in the past through wider appreciation 
of the economic and social problems involved. 

When new developments conceived by the brains of 
engineers come into being and become a part of our indus- 
trial development, the engineer has a right to feel justly 
proud of his contribution to society. Possibly, by the 
success of his development, he is spurred to make others; 
but somewhere along the line someone must design a plan 
for adapting this new development in our economic life 
so that it will accomplish the benefactions that spurred its 
development. 

Is it not in this field of engineering, government, and 
law, dealing realistically with things as they are and not 
as we would like them to be, that the lawyer and the engi- 
neer, each with that broader conception of his separate 
field of endeavor and his characteristics, can make an 
added contribution to the welfare of all the people? 
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Fibrous Glass for Electrical Insulation 


By R. E. FERRIS 


G. L. MOSES 


Development of fibrous glass yarn has provided a new insulating material 


that will withstand high operating temperatures for use in electrical machines 


LASS long has been recognized as excellent electrical 
insulation, but until recently its use was limited by 
the form in which it was available to the electrical 

industry. As a hard, brittle, vitreous material it had defi- 
nite and rather narrow limitations. With the develop- 
ment of fibrous glass yarns a vast new field has been opened 
to its use electrically. Its great flexibility, high tensile 
strength, and resistance to deterioration at high tempera- 
tures make it a universally applicable insulation material. 

The art of spinning glass into threads of such a size to 
be used in textiles is not new. However, it was only re- 
cently that processes and machinery were developed for 
producing these minute glass fibers cheaply in great 
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quantities of uniform size and quality. The fibers pro- 
duced vary from 0.0002 to 0.0003 inch in diameter and 
are made by two basically different methods. 

The “‘staple fiber’ process was first developed and con- 
sists of a flow of molten glass through small holes in a 
platinum bushing in combination with steam pressure. 
The fibers fly out in short lengths (usually 4 to 12 inches 
long); these are picked up on a revolving drum and then 
are spun into yarn and woven into cloth by processes 
similar to those used by the cotton industry. 


Written especially for ELECTRICAL ENGINEERING. 


R. E. Ferris and G. L. Mosss are insulation engineers in the transportation 
and generator engineering department of the Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa. 
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by processes similar to those used in the silk and rayon 
industry. 

_ Both processes utilize electric heat for melting the glass. 
The material is fed into the heating unit in the form of 
glass “marbles” and the quantity carefully is metered to 
maintain the molten glass at a constant level. A single 
“marble” three-quarters of an inch in diameter can be 
spun into an almost invisible filament approximately 70 
miles long. 

Since ordinary soda glass is slightly soluble in water it 
was found necessary to develop a new formula. ‘‘Alkali- 
free glass’’ was the solution, as it is resistant to moisture. 
In addition, it has better electrical characteristics, the in- 
sulation resistivity being much higher, and it varies less 
with temperature changes. 

Glass fabrics are 100 per cent inorganic and do not de- 
teriorate in mechanical or electrical characteristics at 
temperatures far above operating temperatures permis- 
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sible under AIEE rules for class B insulation (inorganic 
materials such as mica and asbestos in built-up form com- 
bined with binding substances). Glass tape wrapped 
around tubes takes a permanent set at 732 degrees centi- 
grade. The “‘strain point’”’ is 807 degrees and the soften- 
ing point is 835 degrees centigrade. The industry has 
far to go before approaching such operating temperatures 
in electrical machinery. 

The tensile strength characteristic curves of glass tapes 
(both staple and continuous) are shown in comparison 
with asbestos and cotton in figure 1. It is significant 
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that both types of glass improve in strength until a tem- 
perature of 400 degrees Fahrenheit (204 centigrade) is 
reached. At that temperature cotton tape deteriorates 
rapidly and asbestos begins to deteriorate. Staple tape 
is stronger at 800 degrees Fahrenheit (426 centigrade) 
than cotton at 25 degrees centigrade, and continuous tape 
is equally as strong at 1,000 degrees Fahrenheit (538 
centigrade). 

As a dielectric, dry untreated glass tape is comparable 
with asbestos as both are porous woven materials. Their 
dielectric breakdown is approximately the same as that 
of air. When treated, both partake of the characteris- 
tics of the impregnating varnish. Glass has the advan- 
tage of being nonhygroscopic and has a higher dielectric 
breakdown than asbestos after exposure to humid at- 
mosphere. Tests indicate that glass (whether treated 
or untreated) will withstand 1!/. to 2!/. times the volt- 
age that asbestos will when both have been exposed to 
relatively high humidity. 

When dry and untreated, glass has a resistivity many 
times greater than that of asbestos; when treated, they 
have approximately the same order of resistivity. Fig- 
ure 2 shows the relative values of insulation resistance for 
glass insulation on test coils both untreated and vacuum 
impregnated in solventless varnish and the effect of tem- 
perature. When exposed to humidity, glass maintains its 
insulation resistance to a much higher level. Figure 3 
illustrates this on similar test coils insulated with glass 
and asbestos when both are impregnated in solventless 
varnish. The insulation resistance of the asbestos-in- 
sulated coil fell to 0.5 megohm and failed in 13 days. At 
13 days the glass-insulated coil had a resistance of nearly 
2 megohms and the curve rapidly was flattening out. 
The glass-insulated coil did not fail. Figure 4 shows the 
effect of exposure to various humidity conditions on in- 
sulation resistance of glass and asbestos tape. 

The insulation of wire is one of the most important ap- 
plications of glass fibers. The excellent mechanical 
strength and its resistance to cutting under pressure 
(where no sharp corners are present) make it well suited 
to stand abuse in winding and in service. Its ability to 
withstand excessive temperatures puts it in a preferred 
position for use as wire insulation in coils that must operate 
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at elevated temperatures or those that may be subjected 
to occasional severe overloads. Most glass-covered wire 
is given an enamel treatment to ensure holding the fibers 
in place. It is possible to apply glass fibers to wire in 
any thickness from the equivalent of silk on up. The 
thickness of wire covering can be selected to suit the 
particular winding and service conditions. 

Like all other materials, glass textiles have their defi- 
nite limitations. In the present state of the art it is 
difficult to say which of these limitations are inherent and 
which soon will be eliminated by further progress in 
methods of producing or using the basic fibers. The 
principal limitations recognized at the present time are 
low resistance to shear under sharp cutting edges and 
tendency of the fabric material to slip because of the silky 
finish on the yarn. By modifying the technique of hand- 
ling in the shop, the effect of both these can be minimized. 
When applying glass fabrics the material should not be 
snubbed in tension. New weaves are being developed to 
produce denser cloth with the same thicknesses, which 
also will counteract the tendency to slip. A practical 
method used by the authors to counteract this slippage is to 
vacuum impregnate the rolls of tape in solventless varnish 
and only partially cure. This is very satisfactory and 
improves the coil finish. By avoiding sharp edges in 
applying glass tape, difficulty from the tendency of this 
material to cut easily will be minimized. Experience in- 
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dicates that so long as a definitely sharp edge is not pres- 
ent its mechanical strength is high. 

Glass insulating materials are available in the following 
forms: 


1. Tape. This is available in any standard thickness or width. 
The present limit on minimum thickness is 0.003 inch for continuous- 
filament tape, and 0.010 inch for staple-fiber tape. 


2. Braided Sleeving. This is made from continuous-filament yarns 
in many standard inside diameters. 


3. Glass-Insulated Wire. All sizes of round wire are being covered 
successfully with glass yarn, and many sizes of square and rec- 
tangular wire have been covered. Various thicknesses of wall are 
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being used, depending upon the application, to produce an insulated 
wire size corresponding to standard asbestos-covered, cotton-cov- 
ered, enamel and paper-covered, and silk-covered sizes. 

4. Woven Cloth. This is available at present in thicknesses of 
0.002 inch and upward. 

5. Combination ‘“Glasweve” and Mica. Combination slot cells of 
glass cloth (or mat) and mica splittings are being developed which 
may result in a higher class B insulation for this application. 


Textile glass insulation has been used in almost every 
conceivable application within the few months in which 
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this development has progressed so rapidly. It is im- 
practicable to enumerate all the applications, but the fol- 
lowing have come within the experience of the authors on 
transportation apparatus: 


1. Many styles of magnet coils have been wound using glass- 
yarn-covered wire and glass tape on the surface. The starting leads 
also were taped with glass. This resulted in a great increase in life 
at very high temperatures. Heat dissipation also was improved. 
The resistance of the wire covering to cutting under pressure re- 
sulting from expansive forces produced at high temperatures was 
astounding. In laboratory tests, coils were heated to the red heat 
of copper without serious damage to the glass insulation. Several 
coils were operated at 500 to 550 degrees centigrade for several hours 
without any apparent deterioration of the glass insulation. 


2. Field coils taped with glass were found to have increased strength 
of outer insulation and to be more resistant to deterioration at ex- 
treme temperatures. Improvements in treatment and appearance 
of finish were also obtained. 


3. Armature conductors were insulated by taping the conductor 
and by spinning on glass yarn (in the same manner as cotton and 
silk are applied). This was found to increase the relative life and re- 
duce the probability of short circuits. 


4, Armature coils were made using glass binding tape and finishing 
tape. These withstand higher temperatures without deterioration, 
and considerable space can be saved over asbestos-taped coils. 


5. Armature-coil leads have been sleeved with glass sleeving, or 
taped with glass tape. This saved considerable space at a crowded 
spot, and reduced damage from pounding while the armature was 
being wound. 
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A relatively large number of commercial applications of 
glass insulation have been made on railway and trolley- 
coach equipment which is in everyday service. Several 
modern high-speed railway-motor armatures and fields 
have been taped with glass, and a few traction-motor ar- 
matures have been wound with glass-insulated wire. On 
older railway motors, armature coils are being made 
with glass tape on the outside and on the leads. Many re- 

-newal armature coils have been made for high-speed rail- 

: way motors with glass sleeving on the leads. Traction 

motors for a prominent a-c main-line electrification had 

the stator coil ends taped with glass. Many railway 
control magnet coils have been insulated with glass tape 
and all have been in operation for several months without 
trouble. Many magnet coils have been made with glass- 
insulated wire. Much new transportation apparatus is 
being built using glass insulation because of the advan- 
tages obtained by better space factor and high-tempera- 
ture operation inherent in glass insulation. 

The following is a summary of the advantageous char- 
acteristics inherent in textile glass insulation: 


1. It is capable of operation under high-temperature conditions, 
being noninflammable. 


2. It has great tensile strength which is maintained to relatively 
high temperatures. 


3. The insulation resistance and dielectric-breakdown strength 
are both relatively high and are affected less by moisture than are 
those of conventional materials. 


4. The material is nonhygroscopic. 
5. It resists attacks by acids, oils, corrosive vapors, and vermin. 
6. Its thermal conductivity is high. 


7. It is more resistant to a combination of abrasion and vibration 
than asbestos. 


8. Impact, except by a knife edge, can be withstood much better 
than by corresponding asbestos and cotton tapes. 


It may be well to enlarge somewhat on the possibilities 
of increased temperatures by the use of glass insulation on 
transportation apparatus. The AIEE rules have de- 
fined class B insulation in such a way as to permit the use 
of an indefinite amount of class A insulation for struc- 
tural purposes. For temperatures within the range speci- 
fied by the rules, this combination material has been 
very satisfactory, since the maximum temperature for this 
class of insulating material was established with this limi- 
tation in mind when such combinations of organic and in- 
organic materials were all that was available. However, 
at temperatures considerably higher than those specified by 
the rules, the class A content of the insulation deteriorates 
to such an extent that difficulty if not actual failures 
sometimes will be experienced due to shrinkage of the in- 
sulation. 

Glass insulation used as a binder and mechanical 
support in combination with mica offers the possibilities 
of an insulation that is practically 100 per cent class B (ex- 
cept for the treating materials) and thereby places the 
limitation of temperature on the treating material. This 
may not be a limit at all on some types of transportation 
apparatus where high continuous temperatures are en- 


Figure 5. Abrasive life test of glass tape in comparison with 
other insulating materials 


countered, thereby eliminating the possibility of moisture, 
or in intermittent service where there is little likelihood 
of moisture absorption. Such a material need not have 
the same temperature limitations as earlier forms of class 
B insulation, as its aging characteristics under high tem- 
peratures will be quite different. It is particularly de- 
sirable on transportation apparatus to have insulation that 
is capable of withstanding temperatures above the nomi- 
nal upper limits, even though the apparatus may be rated 
at the conventional temperatures. 

Higher temperatures are, of course, only a means to an 
end, this end being one of three important characteristics 
or a combination of all three: first, reduction in size of a 
machine for a given rating; second, reduction in weight; 
and third, under certain conditions, a reduction in cost 
per unit rating. All three are of particular significance 
in the field of transportation. It is outside the scope of 
this article to discuss the design of machines operated at 
higher temperatures, it is not sufficient simply to attempt 
to increase the rating of a given machine by increasing 
the volt-ampere input or output. The designer, in order 
to take full advantage of higher temperatures, must bal- 
ance his design as regards copper, iron, and stray-load 
losses. Efficiency must be given consideration in d-c 
machines, and efficiency and power factor in a-c ma- 
chines. 

Such considerations as expansion and contraction are 
involved in the use of higher temperatures, but the authors 
believe that at present the ‘‘bottle neck” of the problem 
is the development of treating material that will with- 
stand higher temperatures. This is in the hands of the 
chemists whose ability to meet such problems has been 
demonstrated many times. When this limitation is re- 
moved, the possibility of designing even smaller and lighter 
railway and aviation apparatus with a given rating will be 
increased yet further. 

Much important development work has been done to 
bring the art of producing glass textile insulation and 
applying it to its present state. However, a great deal 
lies ahead in devising means of using its characteristics to 
best advantage, thereby still further advancing the in- 
dustry. 
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The Importance of Research and Development in 


Maintaining Technical Progress 


By M. W. SMITH 


MEMBER AIEE 


velopments are among 

the greatest factors 
contributing to the advance- 
ment of our standard of 
living. Through inventions 
resulting from its application 
we have traveled farther along 
the road of technical progress 
to a safer and more enjoyable 
life in the past hundred years 
than in all the preceding time. The last 25 years have 
surpassed all others and we can expect technical develop- 
ment to progress at an even faster rate in the future. 

The scope of research is almost unlimited. It is effec- 
tively applied in almost every branch of the basic sciences. 
It influences the progress and trends of our industries, 
commerce, agriculture, public health and safety, em- 
ployment, and even our national defense. While these 
various branches of research are broadly related and 
would be very interesting to discuss, it is considered 
desirable to limit this discussion to the field of industrial 
research with which the author is best acquainted, so as 
to indicate better in more specific terms some of the 
problems and responsibilities of management in the 
planning and administration of these functions. 


PR eirmen and allied de- 


Industrial Research and Development 


There was a time, not SO many years ago, when industry 
looked to the laboratories of the universities and endowed 
foundations for its research work, particularly in the fields 
of basic sciences. While it still recognizes the value of 
research done by these institutions and attempts to 
follow it closely through co-operation with them, industry 
is gradually assuming this responsibility even on funda- 
mental work because results usually can be obtained more 
promptly by a more concentrated and continuous effort 
and by limiting the choice of fields of endeavor to those 
of greatest interest to the particular industry concerned. 
Although industry may concentrate its research in fields 
of its immediate interests, progressive companies also 
follow the work done in allied fields and in basic sciences 
even to the extent of maintaining fellowships in universi- 
ties and other independent research organizations. They 
also maintain close contacts with foreign developments, 
and history reveals many instances where discoveries 
were made in one country and subsequently developed 
and commercialized in another. 

Research is one of the most effective and certain means 
of protecting capital invested in industry from the decay 
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Research and development work usually are of 
regarded as highly technical subjects and generally 
are so treated, but it is recognized that manage- 
ment has a very definite interest in their influence 
on technical progress, particularly in the indus- 
trial fields. This article is presented with this 
point in mind, and various suggestions and illus- 
trations are offered as to how this kind of activity 
may be stimulated and more effectively controlled. 
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obsolescence. Reference 
was recently made in one of 
the financial papers to an 
investigation made by the in-. 
vestment divisions of several 

large insurance companies, to 

determine from an actuarial 

standpoint the mortality rate 

of certain kinds of businesses. 

One point on which they all 

agreed and placed considerable 

emphasis was that the companies which died invariably 

did little or no research. These companies just gradually 

“went to seed”’ with old products which were made obso- 

lete by competitors who developed new methods, processes, 

and machinery to build products with more desirable per- 

formance and characteristics. A progressive company 

must not only protect itself against the creation of obso- 

lescence from a competitive standpoint but industry in 

general must strive toward the creation of obsolescence 

as one of the most effective means of stimulating new 

business and prosperity. If new business had to depend 

entirely on the replacement of equipment and commodi- 

ties which had been worn out or consumed, our progress 

would indeed be slow and our standard of living and 

employment would be stagnant. Only through the 

creation of obsolescence by the introduction of new and 

improved products can business expect to grow. 

Unless we stop and reflect, we are likely to get the im- 
pression that our present industries and products have 
always been in existence, when as a matter of fact, prob- 
ably one-fourth of our present production is of products 
entirely unknown 50 years ago, and even those that were 
known at that time have been modified and improved to 
such an extent that they can hardly be recognized as the 
same. 


There was a time when business enterprises were quite 
firmly established and maintained for generations, but 
the last few decades have seen whole industries wiped out 
by the forward march of progress. Business men have 
not fully recognized this danger and adjusted themselves 
to it. There is still an instinct in the old to fight the 
new, but nothing except ruin can result from a strict 
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aaa to such a viewpoint or policy where the new 
; is something inevitable because of its economic advantage. 
pA business man is not justified in abandoning an old, 
established business at the first sight of a substitute 
product, but neither is he justified in assuming that 
: because it is a substitute for his product it is necessarily 
an enemy of his. By absorbing it or modifying his 
product through development work, he may find the 
_ opportunity to make his business more profitable than ever. 

Aviation may alter seriously the railroad passenger 
business, but the railroads that have invested in aviation 
_lines will win no matter which way the tide turns. Busses 
and trucking might put some railroad lines out of business 
but the railroads that own large bus lines and big trucking 
routes will carry the traffic in any event. That is the 
difference between just being in the railroad business and 
being in the transportation business. 

Shortly before the advent of radiobroadcasting, there 
were probably at least 50 companies in the United States 
manufacturing phonographs. For a quarter of a century, 
many of them had done little or no research or develop- 
ment work. Almost overnight, a new form of audio 
entertainment appeared in the home. It immediately 
became apparent that the radio music and speech quality 
was vastly superior to that of the phonograph. Greatly 
decreased sales resulted in serious financial difficulty in 
spite of frantic advertising. However, a few of the most 
progressive companies promptly got in contact with radio 
experts, and after intensive research, incorporated in their 
apparatus electronic amplifiers, scientifically designed 
loud speakers, and electric recording with an astonishing 
improvement in quality. These companies soon began 
to prosper once more, while the others who ignored re- 
search and development promptly disappeared. 

These illustrations emphasize the important part re- 
search and development play in the growth of industrial 
organization, but at the same time it must be recognized 
that even this activity can be carried to an extreme. 
Companies can also fail because of too much engineering 
and development expense if it is not effectively and 
efficiently controlled. 


Types of Research 


Depending upon its purpose, research and development 
in industry can be considered from various viewpoints, 
but for the purpose of analysis and study of functions and 
operations, it may logically be considered from the follow- 
ing three viewpoints: 


1. Basic, or fundamental, research which involves studies and 
investigations at the frontiers of the basic sciences of physics, 
chemistry, etc., to determine the properties, characteristics, and 
behavior of matter quite without regard to any immediate or 
specific commercial uses or application. 


2. Specific, or applied, research which is conducted to obtain 
definite information, solve a particular problem, improve an old 
product, or develop a new product or line of equipment. 


3. Commercial development, which has for its purpose extensions 
to existing lines of products and improvements in their characteristics 
and performance. This type of development is not directed toward 
the discovery or perfection of new kinds of products, but toward 
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improvements and cost reductions in existing ones so as to enhance 
their competitive standing or value. 


Fundamental Research 


The nature of fundamental research requires that it 
be undertaken on a comparatively long-range basis and 
the fact that important results or achievements may not 
be realized for several years should be recognized. Here 
the problem of management is largely one of the proper 
selection of personnel and general fields of investigations. 
The success of this kind of work is largely dependent upon 
individual effort and management can provide only limited 
detail supervision. The personnel must be selected with 
this point in mind. In addition to good technical ability 
and qualifications, men for this work should have an 
abundance of initiative, enthusiasm, courage, and imagina- 
tion. The recognition of the importance of the selection 
and development of men for research work has been dem- 
onstrated by the establishment of special training courses 
and opportunities to do advanced work in industry. 

For instance, the company with which the author is 
associated recently adopted a plan for the establishment 
of ten positions in its research laboratories, to be known 
as “‘research fellowships.”” These fellowships will be open 
to young scientific workers in physics, chemical physics, 
physical metallurgy, etc., enabling them to carry on studies 
of pure scientific value in these fields. Appointments 
will be made for a one-year period, with the possibility of 
renewal fora second year. Applicants are required to have 
training equivalent to a doctor’s degree and have already 
demonstrated ability of a high order in scientific research. 
In this way it is hoped that a steady stream of the best 
young scientists will pass through the laboratories in years 
to come. While there are no definite committments, it is 
expected that some of these men will want to remain on the 
regular staff of the laboratories. Others will return to 
academic work in leading universities and other institu- 
tions after having acquired an insight into the scientific 
problems of the electrical industry. While the research 
fellows will be given considerable freedom as to the par- 
ticular research problem on which they will work, it is 
expected that in all cases, the broad field of work will 
correspond to one of the existing activities of the labora- 
tories. It is planned to keep the working program as 
flexible as possible in order to adapt it to current progress 
in physics and chemistry. Experience indicates that im- 
portant advances in industry may be expected from 
fundamental knowledge gained through such a program 
and the operation of this projected fellowship plan should 
also serve to keep the laboratories in closer contact with 
other scientific institutions with which these men may 
later become associated. 


Specific or Applied Research 


Although specific, or applied, research cannot be sharply 
distinguished in all cases from fundamental, or pioneering, 
research, its purpose is different in that it is usually con- 
ducted with a definite objective in mind and with the idea 
of early application. It represents the major activity of 
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most industrial research laboratories because it is usually 
directed toward improvements in established lines of 
equipment. For instance, because of troubles experi- 
enced on a new product or because of the desire to extend 
the application of an existing product into new fields of 
application beyond previous limits of knowledge and 
experience, certain information and data may be neces- 
sary. This may require some fundamental research but 
it is largely a question of finding the answer to a problem 
which already exists and is not of a pioneering nature. 

Because of its nature, applied research is often subject 
to the pressure of production from other divisions of the 
company, which have a commercial interest in the proj- 
ect. This condition, together with the fact that the 
management has an appreciation of the nature and scope 
of the problem, presents the opportunity, and even neces- 
sity, for much more supervision and direction of the work 
than can be expected on fundamental subjects. This 
kind of work must be followed closely and actively by the 
management to see that it progresses with reasonable speed 
and that specific projects are not drawn out beyond 
profitable limits. It is just as important to know when to 
stop an unpromising project as it is to start an attractive 
one. Moreover, the pressure for immediate results on 
specific subjects should not be allowed to crowd out 
fundamental work which is likely to be neglected because 
of budget limitations or because immediate requirements 
or prospects do not appear urgent. 

Effective and efficient operation requires careful con- 
sideration of the organization and personnel and the 
classification of the types and scope of the work. Ina 
large laboratory it is usually advisable to group the organi- 
zation into several divisions with personnel and equip- 
ment best suited for work in a particular field or branch 
of science. This is particularly desirable if there are a 
large variety of subjects to be treated which can be 
grouped into general classifications. On the other hand, 
care must be used to avoid building barriers between 
divisions which will unduly limit the exchange of knowl- 
edge and experience between them. Quite often the 
knowledge obtained or the method of analysis or approach 
used in the solution of one problem may be quite helpful 
in attacking another. It is therefore desirable to set up 
effective systems and regulations for exchanging and 
disseminating information and results of investigations 
throughout the organization by means of adequate 
records, reports, seminars, conferences, etc. Adequate 
library facilities are also essential in this plan. All current 
literature should be carefully scanned and items of interest 
on various subjects should be summarized and referred to 
those particularly interested in or engaged in work on the 
subject. The practice of becoming thoroughly acquainted 
with the status of the art through surveys of existing lit- 
erature before work on any new project is actively started 
should be encouraged. 


Incubation of New Products 


Out of basic fundamental research or even as a by- 
product of some specific research on another subject may 
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come a new idea or product which has the possibility of 
commercial development and exploitation. Here man- 
agement has a vety definite problem and responsibility 
which often is neglected. A review of products which 
have come out of research indicates that few of them 
seemed to be important at the time they were first con- 
ceived. It is beyond the power of human conception and 
vision to recognize the future value and possibilities of 
many such developments and it is only after they have 
had an opportunity to spread their effect over a period of 
time that they are fully appreciated. Nevertheless, 
management must continually be alive to its obligations 
and take steps to encourage the practical development — 
of new ideas and eliminate barriers which too often exist 
in their path. 

An illustration of the obscure nature of discoveries is 
found in the phenomena connected with the discharge of 
electricity through gases. The faint glow discharges which 
it is possible to get in tubes with gas at low pressures first 
attracted only the scientists and physicists in the labora- 
tory nearly 50 years ago. This toy of the scientist, how- 
ever, led to two outstanding discoveries. The first was 
the discovery of the electron by Thompson, which his- 
torians will probably regard as the most important tech- 
nical event to date. The second was the discovery of the 
X-ray by Roentgen, which has done much to alleviate 
human suffering and to prolong life, primarily because of 
its use for diagnostic purposes but also through direct 
treatment of disease. 

The first attempts to use these glow discharges com- 
mercially were in the field of lighting, through the work 
of Moore and Hewitt in developing the mercury-vapor 
lamp. Today it is not the high efficiency which makes 
this type of light attractive, but the brilliant and unusual 
colors which are obtained in neon signs. Another develop- 
ment coming from these gas discharges is in the form of 
rectifiers and inverters for the electrical power field. One 
of the most recent applications of the gas-discharge prin- 
ciple, unforeseen in the early days, is the development of a 
special tube by Rentschler and James, which has very high 
lethal, or germicidal, powers. 

Sometimes a specific development is not complete 
within itself, and other developments requiring research 
in allied fields must be completed and combined with it 
before a commercial success can be made of the idea. A 
better realization of this condition and responsibility by 
those in charge of the over-all activity should work toward 
the elimination of unnecessary delays in the progress of 
commercial development. 

In 1880, a man by the name of Fritts, a pioneer inventor, 
filed a patent application on talking motion pictures. A 
review of this case will show that it contained practically 
all of the fundamental features which exist in the art at 
the present time. Yet the commercial application of 
talking pictures was delayed a generation because the 
elements called for were not promptly developed. For. 
example, his photosensitive device would not respond to 
the frequencies of speech and music. 

It is recognized that the progress of such basically new 
ideas necessarily must be slow because of human limita- 
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ions and lack of appreciation of future commercial 
possibilities. However, a better realization of this lack of 
appreciation and the acceptance of the responsibility on 
ie part of management to see that steps are taken to 
develop component parts and principles instead of allowing 
pew ideas and products to flounder around in the labora- 
tories for lack of attention, should go a long way toward 
accelerating the progress of new developments. 


Pilot Plants 
_ Sometimes the difficulties encountered in promoting a 
new product of the laboratories are much more real and 
specific than the lack of vision to perceive their potential 
possibilities. Large industrial companies usually are 
organized into divisions which are responsible for the 
design, manufacture, and sale of established lines of prod- 
ucts. They are likely to be reluctant to take over a new 
product until its market and profit possibilities have been 
determined. This condition often results in a long delay 
between the research development stage and the commer- 
cial application of the product. 

To eliminate this unsatisfactory condition usually re- 
quires some intermediate stage of development. It is not 
practical to do commercial development work involving 
the study of manufacturing processes and cost reduction 
methods in a research laboratory. On the other hand, 
established operating divisions of a company, which are 
charged with the responsibility of making a satisfactory 
profit, cannot be expected to take over a new product 
until its commercial possibilities have been investigated. 
An intermediate organization is therefore desirable to 
carry the new product through the necessary incubation 
stage to determine its commercial value. Many of the 
chemical industries have solved this problem satisfactorily 
by the establishment of ‘‘pilot plants,” where new proc- 
esses are developed on a commercial scale. This general 
idea is now being successfully applied in other types of 
industries and can be expected to accelerate technical 
progress and developments in the future. 

Very careful consideration and good business judgment 
must be exercised in the selection of new projects to be 
reasonably certain that they have sufficient merit and 
commercial possibilities even to justify carrying through 
an incubation stage. Here management has a difficult 
and somewhat paradoxical problem of not being over- 
persuaded by the enthusiasm of the inventor and at the 
same time maintaining the enthusiasm of the research 
personnel when their projects, in which they are personally 
interested, are turned down for lack of economic or com- 
mercial value. While the maintenance of an optimistic 
point of view is desirable, business cannot ignore economic 
considerations. The morale of the research group can 
usually be maintained in such cases by a frank discussion 
of the reasons for the decision. It should be realized that 
in spite of careful selection and accelerated progress, 
unprofitable operation on new products for prolonged 
periods is the rule which in turn increases the risk industry 
must continually assume and is a fact which is not gen- 
erally appreciated by the public. 
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Commercial Development 


In the final analysis, the climax to all industrial research 
and development work is the purchase and use of a new 
product by the ultimate consumer. It is therefore essen- 
tial to study the consumer’s needs and desires as a guide 
in the development of new products and to follow his re- 
actions to newly developed products to determine their 
acceptance. The increasing importance of this viewpoint 
has been recognized and market analyses and studies of 
the trends of consumers’ needs and desires are being 
reflected back down the line in such a way that they have 
a large influence on commercial development. 

In large industrial organizations, commercial develop- 
ment work is usually conducted outside the research group 
and by the operating divisions who are responsible for the 
design, manufacture, and sale of various lines of established 
products. This work is largely directed toward the elimi- 
nation of minor troubles and the application of improve- 
ments in performance reliability, appearance, etc., so as 
to increase the public appeal and acceptance of a product. 
It involves the study of material processes and standardi- 
zation, manufacturing methods and procedures, tool 
equipment and production methods, and cost reductions of 
all kinds. Although this kind of work has a very definite 
and specific objective, it often brings out limitations and 
lack of knowledge and information which lead to research 
work of the types described above. 


Influence of Patents 


A discussion of the subject of technical progress would 
hardly be complete without emphasizing the important 
influence of the patent system, particularly at this time 
when there seems to be so much agitation in some circles 
to place limitations on private research and patent rights. 
It has been stated that ‘“‘no fewer than 15 bills to prohibit 
the patenting of labor-saving machinery or improvements 
thereof have been introduced during the present Con- 
gress.” A great deal of our technical progress in America 
can be credited to our patent system, and any action to 
limit its protection would indeed be regrettable. It costs 
money to develop and exploit inventions. The protection 
afforded by patent claims provides incentive to develop 
new things and under such conditions they may be ex- 
ploited for a long enough time to become established. 
Without such protection, capital could not afford to venture 
into new fields, and industrial research would become very 
secretive, and because of the resulting lack of co-operation, 
our great advances in living standards and human comfort 
would be seriously handicapped. Let us be determined to 
support and encourage individual and private initiative 
rather than curb it, so long as it is based on sound economic 
foundations. Scientific advances based on economic im- 
provements are inevitable. Economic laws and human 
nature cannot be effectively legislated against. 


Attitude of Management Important 


In this discussion, development activities and functions 
have been broken down to some extent in an effort to 
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clarify and illustrate methods of control and supervision, 
but it is recognized that close co-operation and co-ordina- 
tion of all phases of the work are essential to successful 
operation. Francis Bacon recognized the importance of 
organized research as far back as 1620, when he said: 


If many useful discoveries have been made by accident or upon 
occasion when men were not seeking for them but were busy about 
other things, no one can doubt but that when they apply themselves 
to seek and make this their business, and that, too, by method and 
in order and not by desultory impulses, they will discover far more. 


It is almost axiomatic that technical progress is de- 
pendent entirely on progress or accomplishments in 
research and development work in the various branches 
of science, and unlimited illustrations could be supplied 
to substantiate this claim. It therefore appears that the 
greatest responsibility—or probably we should say 
opportunity—of management in maintaining technical 
progress is to accelerate research and development work 
through better administration and control of organiza- 
tions engaged in this kind of work. In addition to a more 
rigid application of the usual principles of efficiency and 
economy of operation, a sympathetic and encouraging 
attitude on the part of the top management of a company 
is considered essential. This promotes co-operation and 
teamwork among the personnel of research groups and is 
conducive to good performance, which, after all, is a large 
factor in the determination of the rate of our future prog- 
ress. 

No invention or development is an unmixed good even 
though it may be based on sound economic principles. 
As inventions enlarge our activities and broaden our lives 
in one direction, they cause shrinkage and distress in 
another. It is the gradual but positive net progress over 
along period of time which counts and we must not be- 
come disturbed and thrown from our long-range course by 
temporary upsets in our social and economic progress. 
Any basically new idea is really beyond our comprehension 
and vision. If we could visualize it, it would be immedi- 
ately developed. However, we may be sure that engineers 
and scientists will continue to make new discoveries— 
new ways to heal and save, new ways to kill and destroy; 
and out of it all we will have new joys and new sorrows 
along the road of progress to better standards of living. 


Amplitudes of Magnetomotive-Force 
Harmonics for Fractional Slot Windings 


RACTIONAL slot windings have certain well-known 

attributes which cause them to be quite generally used 
in synchronous machine design. However, a winding 
occasionally will be produced which will develop harmonics 
in the air-gap magnetomotive force that will lead to ex- 
cessive losses, vibration, and noise. The purpose of this 
paper™ is to develop general formulas for computing the 
distribution factor and pitch factor of any magnetomotive- 


*Abstract of 1938 AIEE summer convention paper number 38-53, by J. F. Cal- 
vert (A’27, M’35) which will be published in full in TRansacrions. 
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force harmonic set up by three-phase fractional slot wind- 
ings of normal design, in order that a winding arrangement 
may be chosen that will minimize ill effects. The formulas 
are said to be sufficiently simple to permit a complete 
tabulation of distribution and pitch factors over the 
normal range of slots per phase per pole now used in 
fractional slot windings. 


Reactance of Square Tubular Bus Bars 


gerne tubular bus bars are being used to an in- 
creasing extent,as they are economical and convenient 
for joining to insulators and to branch circuits. The 
reactance of busbar circuits frequently is of importance, 
in order that the voltage drop under normal conditions 
and the current under short-circuit conditions may be 
computed. The purpose of this paper* is to present 
formulas and curves by which the reactance of square 
tubular bus bars may be determined. 

Curves are given showing the reactance of thin square 
tubes, assuming uniform distribution of current, and the 
approximate corrections for rounded corners and thick 
walls. Illustrative examples show practical use of the 
method of computation. 

The reactive drop in each conductor of a group of 
parallel conductors may be expressed in terms of single- 
phase reactances by first expressing them in terms of 
self- and mutual inductances and then arranging them in 
pairs. An example for a three-phase bus bar is given. 


Selection and Design of the Electrification 
of the San Francisco-Oakland Bay Bridge 
Railway 


Pee railway companies will operate electric trains 

over the San Francisco-Oakland Bay Bridge, using a 
dual-voltage system that supplies 600 volts from a third 
rail and 1,200 volts from an overhead conductor. Reasons 
for the selection of this system and the plan of the electri- 
fication are given in this paper. 

Mercury arc rectifiers provide direct current for the 
electrification from three substations, two of which supply 
both the 600- and 1,200-volt systems while the third sup- 
plies the 600-volt system only. The running and guard 
rails, which are used for the return current, are bonded 
carefully to prevent leakage of current to the bridge struc- 
ture. Special problems were met at expansion joints 
because of the extraordinary length of the bridge, the 
movement amounting to four feet per joint in some in- 
stances. 


* Abstract of 1988 AIEE summer convention paper number 38-79, by H. B. 
Dwight (A’1l, F’26) and T. K. Wang, which will be published in full in 
TRANSACTIONS. 
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Chemistry and High-Voltage Dielectrics 


By F. M. CLARK 


ASSOCIATE AIEE 


Development of high-voltage dielectrics to meet the increasingly exacting de- 
mands of modern applications challenges chemical ingenuity and constitutes the 
broad avenue of chemical approach to the problem of high-voltage engineering 


approached from the physical or chemical standpoint, 

although the traditional approach is along the path- 
way of physics and engineering. The insulating proper- 
ties have been considered as largely inherent and fixed. 
The object has been to determine their variation with 
changing environment. Such attempts as have been 
made to “‘lift the cover” have been carried out chiefly 
by students of molecular structure interested in a study 
of the fundamental nature of matter. This method of 
physical attack has been successful in that it has been able 
to classify and apply materials commercially on the basis 
of their ‘‘normal’’ dielectric properties. Since some of the 
most common commercial insulating materials, such as 
mineral oil and paper, are good insulators, the physical 
method of attack perhaps has been the one heretofore 
best adapted to produce the most rapid progress within 
established electrical demands. The more stringent re- 
quirements of the present time, however, cannot be met 
even by an unceasing search for standardized products. 
The properties of dielectrics must be considered as living, 
not dead—as flexible and controllable. Voltage and 
heat, ever present factors in the use of modern high-volt- 
age insulation, must be looked upon as reagents of reac- 
tion, the course and speed of which is variable in accord- 
ance with the recognized laws of chemical change. Di- 
electric-test results must be considered not as a fixed and 
immutable goal but as tools to a chemical answer. Di- 
electric defects revealed by physical tests on existing 
materials are not to be considered as warning signs indi- 
cating the end of the road. The pathway of dielectric 
progress is not a dead-end street. Dielectric defects 
must be considered only as detour signals clearly legible 
when expressed in terms of chemical behavior. The 
marked progress of industrial chemistry during the past 
several decades has been made on the recognition that 
naturally occurring products are not necessarily the ulti- 
mate in perfection. Studies of the chemical require- 


T= PROBLEM of the high-voltage dielectric can be 
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ments demanded and the synthesis of improved materials 
invariably have marked the line of progress. Mineral oil 
and cellulosic insulations are no exception. Important 
as these products have been in the history of electrical 
insulation, materials better adapted for high-voltage 
insulation are possible. The development of such prod- 
ucts challenges chemical ingenuity and constitutes the 
broad avenue of chemical approach to this phase of 
engineering progress. 


Dielectric Strength 


When one considers high-voltage dielectric practice, if 
one approaches the problem in the traditional manner, 
one turns at once to the property of dielectric strength. 
Questions relating to its vagaries at once arise. What is 
the effect of temperature? How does the strength change 
with thickness? If one follows such an attack, one de- 
termines the response of the dielectric to changes in 
environment and ultimately develops empirical mathe- 
matical relationships clearly describing the material under 
study, but yielding little or no information concerning how 
materials can be developed that are better adapted for the 
use at hand. Such an attack leads to a description of 
dielectric behavior as is included in the so-called 
pyroelectric theory of dielectric breakdown. Insulation 
fails because of heat accumulation. Of course it does, 
but such a statement is superficial. Where does the heat 
come from? Why does heat accumulate, assuming 
proper engineering design? I have asked that question of 
engineers and physicists and have universally received 
the same answer—‘‘from changes in the electrical-loss 
characteristics of the insulation.” The step from this 
explanation to the chemical attack on the problem is 
obvious and presents what the author has chosen to 
consider as the first chemical approach to the problem of 
high-voltage dielectrics. If changes in loss occur, they must 
be due to some fundamental change in the material itself. 

The physical investigator says that changes in electrical 
losses come from changes in the material resulting from 
the applied-voltage stress, oxidation, heat, or other 
factors, all of which are classified by the chemist as 
“reagents of reaction.” There is the opening for the 
chemist. Dielectric breakdown in service is due to a 
deteriorating chemical reaction initiated and accelerated 
by the conditions of service imposed. Breakdown of 
insulation is fundamentally chemical, not physical. The 
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physical manifestation of breakdown only. follows the de- 
terioration produced by chemical changes. The passage 
of the arc is the culmination of the whole previous chemi- 
cal history of the material. 

Physical studies of the dielectric strength are usually 
tests for accidental contamination. In dielectric liquids, 
the test is often merely a means of detecting suspended 
particles and water. In the solid dielectric, it is fre- 
quently a test detecting conducting particles. In several 
instances the author has said that all organic materials 
are characterized by good dielectric strength when pure. 
The practical problem is usually that of purification. 
This offers a second avenue of chemical approach, for 
the chemist, of all scientists, is best trained for the solution 
of such problems. His knowledge of chemical stability 
and chemical behavior is invaluable in the development 
and application of improved purification processes. 

However, all insulating materials, when pure, cannot 
be said to be characterized by good dielectric strength, 
without some reservations. Not all materials have equal 
dielectric strength although all materials may have good 
dielectric strength when pure. For example, if one tests 
the dielectric strength of mineral oil as commercially 
prepared and water free, the normal dielectric strength is 
about 30 kv under the usual conditions of test. Under 
the same conditions of practical preparation and test, 
the dielectric strength of other liquid materials of similar 
viscosity may be from 30 to 100 per cent higher, depend- 
ing on the actual conditions of test comparison. The 
liquid chlorinated hydrocarbons, for example, are charac- 
terized by a normal dielectric strength from 30 to 50 
per cent higher than that of mineral oil. It may be 
suggested that this is merely evidence of a greater resist- 
ance of the chlorinated hydrocarbons to contamination, 
but in the gaseous state the chlorinated derivative also 
possesses a higher dielectric strength than the parent 
hydrocarbon. Yet even conceding that the increased 
dielectric strength of the chlorinated hydrocarbon liquid 
is due to a greater resistance to deteriorating influences, 
the result is the same. Materials are used under the 
ever present threat of contamination. That material 
which possesses the greatest resistance to deterioration of 
any type is the most practical. The conclusion is ines- 
capable that from the dielectric-strength standpoint, 
naturally occurring products such as mineral oil are not 
characterized by the high value associated with synthetic 
hydrocarbon derivatives. The problem before the chem- 
ist is the proper selection and synthesis of these improved 
dielectric materials. The solution of the problem offers 
another chemical means of approach, but fundamental and 
basic research is needed before the goal will be reached. 


Dielectric Stability 


The property of initial dielectric strength, while funda- 
mental in all lines of dielectric application, is not the only 
problem offering opportunity for chemical research. In 
fact, in most dielectric applications it almost might be 
stated to be the least important. Insulation rarely fails 
because of a defect in the initial dielectric strength. 


490 


Clark—Chemistry and Dielectrics 


Careful chemical supervision of stock materials is an 
adequate protection against such troubles. Insulation 
in service usually fails because of deteriorating chemical 
changes arising under the conditions of service. These 
chemical changes result either in gas evolution, with 
consequent ionization effects, or merely in increased elec- 
trical losses which in turn cause dielectric failure through 
thermal disintegration of the dielectric—in other words, 
failure in accordance with the engineering concept of 
pyroelectric breakdown. The problem is directly mani- 
fested as one of dielectric strength. Fundamentally, the 
problem is one of chemical stability. 

Chemical stability, at least in the author’s opinion, is 
the most important property of any material used in ~ 
engineering design. It is no less important in dielectric 
engineering than in the manufacture of rubber tires, 
lubricating oils, dyes, drugs, foods, and many other items, 
the instability of which has presented problems success- 
fully solved by the chemist in the past. Many times the 
author has stated that the adaptability of a material for 
high-voltage-dielectric engineering can be gauged most 
accurately from a study of its chemical reactivity. Re- 
active materials are poor dielectrics for high-voltage 
engineering. This perhaps naturally follows from the 
molecular structure of the materials themselves. Re- 
activity and conductivity appear to be closely related to 
the polarity of the molecule. Marked polarity invariably 
is accompanied by marked reactivity and high electrical 
losses. Other factors such as viscosity being equal, 
marked polarity in molecular structure normally is 
accompanied by high solvent action and decreased resist- 
ance to electrical contamination by materials unavoidably 
present in electrical usage. The problem of the chemist 
is the synthesis of molecules capable of retaining their 
original identity against a variety of reactive reagents 
among which are heat, oxygen, and voltage stress. Given 
such characteristics, the other properties in most in- 
stances with which the author is acquainted are auto- 
matically obtained. 

Of all organic chemists, the petroleum chemist perhaps 
has devoted the greatest amount of time and effort to the 
satisfactory solution of this problem. He has made 
marked improvements in his product in the past decade. 
In cables he has produced an electrically more stable 
product. In transformers, he has produced a product 
more free from sludging tendencies. Yet fundamentally 
he is fighting a losing battle if in the future he pursues the 
line of attack followed in the past. Refining experience 
to date has been based on the assumption, probably true, 
that mineral oil is a compromise product. Refining is a 
compromise between too little refining with attendant 
chemical instability of one type, and too much refining 
with attendant instability of another type. Such a 
product, once chemical research is aroused to the possi- 
bilities offered, cannot continue in use. Either the pe- 
troleum chemist must isolate and remove those materials 
the presence of which in mineral insulating oil constitutes 
the dangers comprised in the terms “overrefined oil” 
and “‘underrefined oil,” or give way to the newer synthetic 
materials of improved stability. 
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But the problem of stability is only in its fundamentals 
a simple problem. Of course, the best material for high- 
voltage-dielectric engineering is that one which will retain 
its original identity under all conditions of use. It is 
inert under extreme voltage stress and extreme oxidation 
conditions. Such a material probably will not be im- 
mediately available. Perhaps the electrical industry 
will not suffer much if it is never available, for both 


fortunately and unfortunately such a product is not the 


only solution to the problem—fortunately, since such a 
product may never be found; unfortunately, since the 
questions arising from the possibility of using less stable 
materials without sacrifice are many and complicated. 
This is because high-voltage dielectrics are rarely, if ever, 
simple materials. Most dielectric problems involve at 
least two dielectric materials. In general, these are a 
mineral oil and the treated paper. 

The fact that liquid and solid are used together raises 
questions of stability that can be answered only by the 
organic chemist. For example, two types of oil may be 
cited, each refined in accordance with similar technique 
but each with a different source of crude oil. Each, 
when chemically oxidized in a beaker, shows the same de- 
gree of electrical and chemical deterioration. Yet when 
tested in composite paper structure under the same con- 
ditions, one oil yields electrical stability and the other 
electrical instability to a degree that makes its commercial 
use doubtful and dangerous. Another oil will darken 
and increase more rapidly in acidic properties under 
oxidation than a second oil of similar characteristics, yet 
in turn will show increased electrical stability in the 


Some of the apparatus used to make electrical measurements that are valuable tools in the 
chemical development and control of dielectric materials 
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treated paper structure. What is the answer? The 
answer is obviously that the products of the chemical 
reactions and the dispersion of these products through the 
dielectric assembly determine the degree of resulting 
electrical instability. Yet who knows which products of 
mineral-oil oxidation are electrically innocuous and which 
are not? And who knows how to modify the present 
refining treatment of mineral oil in order to avoid the 
formation of electrically dangerous oxidation products? 
Comprehensive research in the chemical field alone can 


answer this question. The electrical tests are merely 
tools to a chemical answer. 


Contamination Effects 


The problem of stability cannot be solved merely by 
attention to the electrical changes observed in the material 
isolated from members of the assembly in which it may be 
a part. The problem is more complicated. Neither 
can the adaptability of aliquid, for example, be determined 
solely from its initial dielectric properties as compared 
with a standard. Our ideas of impregnating liquids of 
course are colored largely and unfortunately by our 
experience with mineral oil. Thus, from mineral-oil 
experience it often has been concluded that a dielectric 
impregnating liquid for high-voltage use must have a 
resistivity of at least 1014 ohm-centimeter at 100 degrees 
centigrade, and the higher the better! Yet experience 
shows that liquids with resistivities as low as 10! or 10! 
ohm-centimeter may be even better suited for electrical 
impregnating use. It is the chemistry underlying the 
actual electrical properties 
that is important. Each 
liquid material from the 
practical standpoint has a 
normal level of electrical re- 
sistance or a-c loss above 
which it can be maintained 
only with difficulty and be- 
low which only the presence 
of highly active, conducting 
contamination can cause it 
togo. For mineral oil, this 
normal value may well be 
1014 ohm-centimeter. In 
general, the contamination 
that would lower the re- 
sistance of mineral oil to 
10° or 101! ohm-centimeter 
is of the chemical type 
which would render the oil 
unsuited for electrical im- 
pregnating applications, not 
because of the lower elec- 
trical resistance, but rather 
because of the chemical 
character of the contami- 
nation per se. Yet a second 
liquid of normal resistance 
in the range of 10% to 10" 
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ohm-centimeter may be better than the first, even in its 
highest degree of electrical resistivity and loss properties. 
It is the chemistry and the chemical reactivity of the 
contamination that is important, not the simple electrical 
value in itself. Studies in this field having the object 
of isolating those substances that threaten the stability 
of liquid-treated insulation offer another fertile field for 
the research chemist. 


The Oxidation Inhibitor 


When a chemist finds that a certain type of molecule 
is objectionable, he invariably attempts to synthesize 
a product the structure of which eliminates these defects. 
However, another method of attack is the synthesis of a 
stabilizing agent. The commercial importance of stabil- 
izing agents, retarders or antioxidants is indisputable. 
Because of the dielectric demand, however, the problems 
involved in the use of stabilizing agents in electrical 
insulations, are somewhat more complicated than in many 
other applications. 

Oxidation is without doubt one of the major chemical 
problems facing the dielectric engineer. If oxidation 
could be eliminated completely, many of the problems of 
dielectrics would be simplified. In some instances it 
seems that the complete elimination of air in oil-filled 
apparatus can be guaranteed, yet the oil shows oxidation. 
What is the source of the oxygen? Can it be obtained 
from the cellulose molecule under high-voltage stress? 
Some evidence indicates that it may be so obtained. A 
cellulose chemist can offer the electrical industry real 
service by the elimination of this source of oxygen supply, 
if research shows that it does exist. 

But assuming that the danger of oxidation cannot be 
removed either by the mechanical engineer with his design 
ingenuity or by the chemist with his synthesis efforts, 
there remains then only one way out—the use of oxidation 
inhibitors. While inhibitors have been developed for 
use in all sorts of things from foods to rubber tires and 
lubricating oil, the adoption of such products in electrical 
oils has been slow. The retarder itself must be studied 
not only from the standpoint of its efficiency in blocking 
oxidation, but also from the standpoint of its own dielec- 
tric stability. Small amounts of material dissolved in 
mineral oil, for example, can seriously affect the dielectric 
characteristics of the oil and, more important, of the oil- 
treated dielectric irrespective of oxidation effects which 
may be reduced or eliminated. Oxidation inhibitors 
therefore, even when used in small amounts, cannot be 
considered satisfactory without careful consideration of 
the dielectric results produced by the presence of the 
inhibitor initially and the effect produced by products 
arising from the chemical changes in the inhibitor under 
voltage, heat, and oxidation. Progress in this field cannot 
be aided by the blind adoption of an inhibitor just because 
the material has given excellent service in the rubber-tire 
industry. Careful research and dielectric investigation 
are needed to remove the fear of retarders which many 
dielectric engineers have at present simply because they 
have not been able to substantiate in the electrical field 
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many of the recommendations ill-advisedly and thought- 
lessly made to them, based on the behavior of the same 
inhibitor in other applications. The development of a 
satisfactory inhibitor for use in oxidizable insulating 
compositions presents to the chemist another important 
means of approach in his attack on the problems of an 
improved high-voltage dielectric. 


Dielectric Constant 


There is one property of insulating materials that is 
sold as such by the electrical industry.. This property is 
the dielectric constant. It is sold substantially un- 
changed to the trade in the form of an electrical capacitor. 
The problems of stability, electrical losses, and electrical 
breakdown must be solved if efficient electrical service 
is to be obtained. These problems apply to all types of 
electrical apparatus containing insulation operating under 
high voltage. They apply with equal and perhaps greater 
force to the electrical capacitor which operates at as high, 
if not higher, voltage stress than any other electrical 
apparatus. Fundamentally, however, the electrical ca- 
pacitor sells the dielectric constant. And the dielectric 
constant is one of the fundamental properties of the chemi- 
cal molecule that the chemist can change at will. Starting 
from the parent molecule he can produce changes in 
dielectric constant simply by group substitution reactions. 
It is true also that he produces simultaneously a wide 
range of chemical reactivity and flammability, electrical 
losses, and stability, but the fact remains that he alone 
knows how to change the fundamental nature and proper- 
ties of the molecule at will. He should be anxious to 
accept the challenge presented by the capacitor—to 
produce a high-dielectric-constant solid or liquid impreg- 
nating material suitable from the standpoint of other 
properties for use in electrical capacitors. 

Not many years ago mineral oil was considered the only 
material suited to meet these stability requirements de- 
manded by capacitor use. But mineral oil possesses a low 
dielectric constant. Today mineral oil has been largely 
replaced in the high-voltage field. The synthetic chemist 
has produced an improved product, chlorinated diphenyl. 
This synthetic liquid has many of the ideal properties 
so urgently demanded. The product is stable, nonoxidiz- 
ing, noninflammable, of high dielectric strength, and re- 
producible with the usual greater reliability of a synthetic 
product in comparison with a natural product such as 
mineral oil. Physically the size of the capacitor has been 
reduced at least 50 per cent from the dimensions per 
kilovolt-ampere formerly associated with the use of 
mineral oil. Progress is being made, but the problem 
is not solved. The surface has only been scratched, and 
this single example of what has been done by the 
chemist has been cited in the hope that its accomplish- 
ment may stimulate increased interest on the part of the 
chemical profession and result in a closer union of the 
engineer, the physicist, and the chemist, each of whom 
has an important role to be played if the present and 
future problems of dielectric engineering are to be success- 
fully solved. 
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Lightning to the Empire State Building 


By K. B. MCEACHRON 
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how fast is the front in terms 
of amperes per microsecond, 
how slow can it be, and how long does the current persist? 
In the case of the multiple stroke, are the succeeding 
wave shapes like the first one, or how may they differ? 
In an effort to throw additional light on these and 
other questions pertaining to the mechanism of the 
lightning discharge, a combined photographic and oscillo- 
graphic study of the lightning strokes to the Empire 
State Building in New York, N. Y., has been made during 
the past four summers. Photographs of the strokes 
were taken with a variety of Boys (moving-lens or moving- 
film) cameras, while the cathode-ray and crater-lamp 
oscillographs furnished information pertaining to wave 
shape. 
No effort will be made to make a complete summary 
of the results of this work, but some of the most im- 
portant findings are as follows: 


1. Oscillograms, or moving-film Boys-camera photographs, or 
both, have been taken of 55 strokes to the Empire State Building. 


2. Direct-current arcs, with or without superimposed current 
peaks, extending between the cloud and the building continuing as 
long as 0.4 second, have been measured. These have been called 
continuing strokes. 


8. Upward leaders from the building that developed into con- 
tinuing strokes have been photographed, and data as to velocity 
of propagation secured. (Upward leader velocities range between 
0.17 and 2.09 feet per microsecond with an average of 0.84 feet per 
microsecond.) 


4. Currents measured during build-up of upward stepped leaders 
range from 50 to 650 amperes. 


5. Branching was found to be in the direction of propagation of 
initial leader strokes. 


6. At least 50 per cent of the strokes had a charge of 35 coulombs 
or more with a maximum of 164 coulombs. These values are 
several times as large as heretofore believed probable. 


7. All strokes to the building began with the cloud negative. 
Three strokes changed to positive at or near the end of the stroke. 
About three per cent of the total charge measured was associated 
with the positive portion of the strokes. 


8. Downward stepped leaders to the building were observed in 
one stroke only which had a velocity of 14 feet per microsecond. 
A stroke to a building 200 feet in height had a downward-stepped- 


leader velocity of 5 feet per microsecond. 


9. Leaders on all discharges after the first always were downward 
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second in the two cases recorded, 
while the returnstroke velocities 
following continuous leaders ranged 


from 98 to 280 feet per microsecond with an average of 197 feet per 
microsecond. 


11. Every stroke but two of which the author has record, either 
struck the highest point on the building or outside a cone the base 
radius of which at the ground level of the building was equal to the 
building height. 


Empire State Building 


The Empire State Building in New York City is a 
steel-frame building surmounted by a metal tower, the 
top of which is 1,250 feet above the street. Extending 
above the top is an antenna system of the National 
Broadcasting Company used for television experiments. 
The antenna system in use during most of the investiga- 
tion is shown in figure 1, but some of the earlier work 
was done with an antenna system of a somewhat different 
design. Approximately in the center is an antenna that 
extends above the triangular system and terminates at a 
point 38 feet above the top of the building. At a point 
11.6 feet downward, the 1!/.-inch duraluminum rod enters 
a 5-inch (inside diameter) brass pipe, being spaced from 
the pipe by suitable insulator. 

During the taking of all the oscillograms discussed in 
this article, the inner conductor and outer pipe terminated 
at a point about 11.3 feet below the roof in a noninductive 
shunt having a resistance of 0.03 ohm, which is a part of 
the shunt used with the cathode-ray and crater-lamp 
oscillographs. 


Prepared especially for ELECTRICAL ENGINEERING, based upon material pre- 
sented in addresses to various AIEE Sections; a more detailed treatise on 
these studies is scheduled for publication in an early issue of the Journal of 
the Franklin Institute. 

K. B. McEacuron is director of high-voltage research at the Pittsfield, Mass., 
works of the General Electric Company. He is currently an AIEE director 
and chairman of the Institute’s committee on protective devices. A biographical 
sketch was published in the October 1938 issue, page 434. 
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Broadcasting Company and the NBC engineers, particularly R. M. Morris 
and T. J. Buzalski, for making it possible to take measurements of lightning 
currents through the antenna, and allotting space in the top of the building 
for the oscillographs. Fletcher and Ellis kindly made available space in their 
offices in the building at 500 Fifth Avenue for housing the photographic equip- 
ment. Thanks also are due to Mr. Neave of the same organization for his 
fine co-operation. The author wishes especially to call attention to the part 
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Sugden during the 1937 season also should be mentioned. J. H. Hagenguth 
and C. J. Kettler deserve special mention because of their assistance in designing 
and building the equipment used. John Russ has been of much help in assisting 
in the preparation of this article. J. B. Bassett and other associates deserve the 
author’s sincere thanks for their kind assistance in connection with this investi- 
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Figure 1. An- 
tenna system 
atop Empire 
State Building; 
completed in 
this form July 
1936; — oscillo- 
graphs connected 
to highest an- 

tenna 


Photo courtesy electronics 


At the insulator where the inside conductor emerges 
from the outer pipe, the smallest arcing distance is 1.25 
inches. Obviously, for some strokes of lightning flash- 
over will take place at the insulator, and therefore will 
interfere with the taking of oscillograms. 


Oscillographs 


Since one of the objectives of this investigation was the 
determination of wave shape, the cathode-ray oscillograph 
was arranged to initiate on waves whose rate of current 
rise was 2,000 amperes per microsecond or faster with a 
crest current of 6,000 amperes or more. The cathode-ray 
oscillograph was designed to record, on a continuously 
moving film, single impulses up to 100 microseconds in 
duration, also any succeeding impulses of like duration 
where the time interval between successive discharges 
was at least 500 microseconds. Because of the relatively 
low flashover voltage of the antenna insulator, the most 
severe lightning strokes to the building could not be 
measured because of insulator flashover. 

Toward the end of the 1935 season, an examination of 
some of the photographic results indicated that with 
many strokes possibly current was flowing for a relatively 
long time, and an oscillograph was installed designed to 
record continuously discharges persisting as long as one 
second. This oscillograph was an adaptation of the 
crater-lamp oscillograph‘ used in an earlier investigation, 
but some modifications were required since the oscillo- 
graphs at the Empire State Building could be serviced 
only at the beginning or end of a storm. As used in 
New York, the crater-lamp oscillograph galvanometer 
was connected to the shunt in the antenna circuit at all 
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times, the drum carrying the film being run at constant 
speed, so that it was necessary to supply the illumination 
for the optical system only when a stroke occurred. This 
was done through the use of a crater lamp as a light source 
with a suitable initiating circuit, so that recording began 
within 20 microseconds after initiation voltage on the 
shunt was reached. The film speed was such that 0.90 
inch represented 0.01 second. This oscillograph was 
arranged so that once set in motion 14 oscillograms could 
be taken without attention on the part of the operator. 
Films from this oscillograph have been designated as 
slow-speed records. 

The shunt used for both oscillographs consisted of the 
0.03-ohm shunt already mentioned in parallel with a 
Thyrite shunt. Using this combination of a linear and a 
nonlinear resistance, currents as low as 20 amperes were 
indicated with the crater-lamp oscillograph with a maxi- 
mum measured of 24,000 amperes. The cathode-ray 
oscillograph was set to record a minimum of approxi- 
mately 1,000 amperes, and a maximum of 200,000 amperes. 

With both oscillographs, means were provided for de- 
termining the time of the stroke, so that the results could 
be correlated with those obtained from the various 
cameras. 


Magnetic Links 


During 1935, magnetic links were arranged to record 
current flowing in the two vertical antennas which existed 
at that time. After the radiator shown in figure 1 was 
erected, the magnetic links were so placed that the current 
flowing in each of the seven grounded vertical pipes ex- 
tending above the roof could be measured. Readings 
from these links would not be expected unless the insulator 
at the top of the pipe to which the oscillograph shunts 
were connected flashed over, assuming of course that the 
stroke made contact at the highest point above the tower, 
which it did in every case that was observed, save one, 
during the three years of study. This stroke made con- 
tact about 16 feet down from top of antenna. Although 
not every stroke was observed, data were obtained for 
the great majority. There is also a photograph by Gaty'® 
that shows a discharge to a point some 60 feet from the 
highest point, which at the time was the north antenna 
of the two antennas then in use. However, the number 
of strokes to the building for which current measurements 
could not be made was very small indeed. Furthermore, 
there is no evidence that any stroke divided, one part 
contacting some other part of the building, although one 
stroke did first contact another much lower building, and 
later discharges in the same stroke made contact with the 
Empire State Building. Lacking evidence of sub-division, 
the currents measured can safely be assumed to be the 
total current in the stroke. 

When considering magnetic-link measurements, it must 
be remembered that the results represent only the highest - 
current,'® if all the currents were of the same polarity. 
If the polarity reversed, either in the same discharge or 
between discharges, some measure of the reversal may be 
obtained if more than one link at different radial distances 
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. used. In all the Empire State installations, three 
links were used, giving a wider range of current values 
¢ and helping to determine the true value when reversal 
_ took place. 


_ Photographic Equipment 

: Naturally, during the three years that photographs 

have been taken, there has been considerable develop- 
ment of the various cameras used. No attempt will be 
made here to describe more than briefly these cameras 
and their development. — 

During the 1935 season, the cameras were located to 
the west of the Empire State Building in the Nelson 
Tower. A Boys camera (referred to here as a high-speed 
Boys) made by Ross in London, was loaned by A:.L: 
Loomis of Tuxedo Park, N. Y., and used by Lloyd and 
McMorris” to obtain the first photographs of leader 
strokes reported in the United States. A schematic 
diagram showing the operation of this camera is given in 
figure 2; this indicates how the use of two matched lenses 
and prisms allows a displacement of the image in opposite 
directions on the rotating film. A comparison of these 
two images, knowing the film speed, the focal length of 
the lens, and the distance to the stroke, allows a deter- 
mination to be made of the velocity of the continuous 
leaders and the main strokes. As a rule, the stepped 
leaders have a sufficiently slow over-all velocity, so that 
a fair determination can be made without the second 
image. Of course, comparison could be made with a still 
picture, but the resolution would not be as good. 

This Boys camera was operated at a film speed of 145 
feet per second. Since storm activity over the Empire 
State Building is usually rather brief, early in 1936 a 
new type of camera was designed and built which would 
allow seven exposures to be made while maintaining full 
film speed. This camera has the same optical system 
as that shown in figure 2. It was designed for film speeds 
up to 344 feet per second. During 1936 it was operated 
at approximately 218 feet per second, which was reduced 
for the 1937 season to 124 feet per second, since it was 
found that considerable data were being lost because of 
the decrease in exposure time of weak portions of the 
stroke. To incorporate the feature of changing exposure 
while the film was running, it was necessary to operate 
with a short focal length, and 1.38 inches was adopted. 
A variety of different films was tried, but so-called ‘‘super- 
sensitive panchromatic’ proved to be very satisfactory. 
For purposes of study, the image is greatly enlarged. 
With this camera are obtained the continuous-leader data 
and most of the stepped-leader data. Rates of propaga- 
tion of the main stroke also are obtained from these so- 
called high-speed Boys-camera records. 

To determine the sequence of multiple-stroke discharges, 
a slow-speed camera is necessary. For this purpose a 
camera was constructed using an 8- by 10-inch film holder 
with two matched lenses having a focal length of 3.07 
inches, mounted in front—one lens centering on the center 
of the film, and the other revolving with a 27/s-inch radius 
around the center lens as an axis. During the 1935 and 
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1936 seasons, the center lens revolved on its own optical 
axis, but because of a slight distortion due to the center 
of revolution being slightly different from the optical axis, 
this camera and another similar one constructed for the 
1937 season were arranged with the center lens stationary. 
During 1935 and 1936, this camera was operated at one 
revolution per second; but when it was found that an 
occasional multiple stroke persisted for more than one 
second, it was decided to operate two similar cameras— 
one at two revolutions per second and the other at one- 
half revolution per second. The two center photographs, 
being taken with matched lenses, could be put together 
to give a stereoscopic picture, since the cameras were on 
the same level and separated 14 inches. 

Having two slow-speed cameras has proved to be very 
helpful in analyzing the data, the slower of the two giving 
better over-all data while the higher speed gives better 
resolution of individual discharges. Furthermore, having 
two cameras of the rotating-lens type makes it quite 


ROTATING 
FILM DRUM 


DIRECTION 
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Figure 2. Schematic diagram of Boys 
camera with moving film and stationary 
optical system 


certain that for most strokes the image will be in a good 
position for resolution on one camera or the other. 

Other equipment also was provided to make the me- 
chanical work of taking the records as simple and fool- 
proof as could be easily done. A Calculagraph was pro- 
vided with which the time of operation and exposure of 
each camera was recorded in a manner similar to the 
timing of telephone toll messages. Each of the cameras 
had a printed form on which essential data, such as stop 
opening, kind of film, and other data pertinent to each 
camera, was recorded. The time of day and elapsed time, 
using the Calculagraph, was stamped on the same ticket. 

An Ediphone also was provided for the recording of 
data, as the operator often was too busy to write down 
his observations. It was found, however, that the speak- 
ing tube restricted the operator too much as to freedom 
of motion, and during 1938 the operator used a lapel 
microphone, it only being necessary for him to change 
records, thus freeing him for other work. 
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Table |. Summary of Strokes by Years 
Photographs With: 
Strokes Oscillograms High- Medium- Slow- Magnetic 


to —___—_—__—_——. Speed Speed Speed Link 
Year Storms Building Day Night Camera Camera** Camera* Records 


OS Datars Geet Die. ater ee eecueshy He.0 SURG.G O biotite a doetonT coche, he onan. Z 
LOS Gis. 20. rates PME Stig otto odo We iNite ta a4 ie.qio lhe cher 6“ one oS Geen 2 
IE Voc n see) ackn.0% 41 9 Smaart Sie esa D Ole ttsraresst Oreurar ante 7 


* One revolution per second in 1935-6, 1/2 revolution per second in 1937. 
4* Two revolutions per second in 1937. 


Based upon the sound of corona and the discharges 
from one’s fingers when standing on the small balcony 
near the top of the Empire State Building when storms 
were several miles away, it was thought that a stroke to 
the building could be anticipated if streamers from the 
building could be seen during storms at night. A careful 
watch was kept, and during the 1937 season the top of 
the building was observed through a 35-power telescope; 
but as was learned later, the corona streamer built up 
into a stroke so fast that the eye could detect no time 
interval between them. 

During the 1936 and 1937 seasons, space was made 
available through the courtesy of Fletcher and Ellis, on 
the 56th floor of the building at 500 Fifth Avenue. This 
building is located ideally for studying lightning to the 
Empire State Building. 


General Considerations 


It is realized that a tall structure like the Empire State 
Building acts as a great needle point and may have a 
marked influence upon the character of the lightning dis- 
charge. It was with this thought in mind that another 
investigation has been carried on concurrently in Pitts- 
field, Mass., in an observatory specially constructed for 
the purpose of studying lightning. Special camera equip- 
ment has been in operation since 1935, with the idea that 
comparisons between strokes to the Empire State Build- 
ing, and strokes to the countryside around Pittsfield, 
would make possible a better application of the New York 
data when considering transmission lines and other struc- 
tures of similar height. The detailed results of the Pitts- 
field study cannot be given in this article, but the con- 
clusions given here naturally will be colored to some 
degree by the results obtained there. 

It is recognized that the photographic method has 
limitations as a light measuring means, particularly from 
the quantitative point of view. However, on all photo- 
graphs taken in the last two years, each film has a sensi- 
tometer calibration, so that densities may be compared 
using a microdensitometer. Such an instrument is ex- 
pected to be available soon for study of the records already 
made. 


Results 


During the three years of the investigation, the Empire 
State Building has been known to have been struck 68 
times. Table I shows a summary of the strokes on which 
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data were obtained. Nineteen oscillographic and photo- 
graphic records were obtained simultaneously during 1937. 
No satisfactory records have been obtained with the 
cathode-ray oscillograph up to the end of the 1937 season. 


CONTINUING STROKES 


In 1935 three photographs were obtained of strokes to 
the building, and one of them also showed an interesting 
cloud-to-cloud stroke. In figure 3 is a stroke to the 
building showing several initial discharges followed by a 
period of varying but continuous illumination, with three 
rather considerable increases in intensity. This photo- 
graph led the author to believe that the continuing illu- 
mination was not due to effects following the initial stroke, 
but represented a more or less continuous current flow. 
Apparently Walter!’ had the same idea in 1905, but there 
was no direct proof, and apparently little credence has 
been given to this idea since Walter’s suggestion. It 
seemed incredible that the illumination could persist so 
long after the initial discharge unless current was flowing, 
and that at times the intensity could be even greater than 
the initial discharge. From a study of these photo- 
graphs, it was decided to install a crater-lamp oscillograph 
and measure, over at least one second of time, any current 
that might be flowing; and since the changes in current 
appeared for the most part to be rather slow, it was de- 
cided that the magnetic type of oscillograph would be 
suitable. 

The results obtained in 1937, as illustrated by figure 4, 
show how beautifully the oscillograms and photographs 


Figure 3. Stroke to Empire State Building and cloud-to- 
cloud discharges photographed with both still and rotating 
lens 


|—Stroke to building. II and III—Cloud discharges 
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check. The same oscillogram is reproduced in figure 5, ad 


being drawn to a linear current scale. It may be noticed 4 valde 
that each change in illumination is accompanied by a & eae 
corresponding change in current. In general, where there 3 Deeg 
is no illumination there is no current flow; but since the 1 s06 riiee 
camera is 2,410 feet away, a slight degree of illumination & eS 
would not be recorded. Furthermore, the oscillograph & Sex! 4] 
could not detect currents of less than 20 amperes. Labora- r py Bee 
tory tests with a long-time discharge from a high-current 2 Sea 
impulse generator show that the illumination, using the 5 7'5°° 

same Boys camera, does persist as long as the current flows, E [thle 
even for currents as small as 0.2 ampere. -2000 i oe 
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Figure 5. Replot of oscillogram of stroke shown in figure 4 


This type of stroke, in which the current flows for a VieR OS: 0.9" B40 


relatively long period of time, has been termed a con- 
tinuing stroke. It may have superimposed upon it any 
number of current peaks. 


When the current ceases entirely for a period of 0.02 
second or more and a new discharge takes place through 
the same path, the stroke is referred to as being multiple. 
Of 47 strokes photographed on either or both the medium 
and slow-speed cameras, 34 indicated continuous current 
flow until the end of the stroke, 4 consisted of two suc- 
ceeding continuous discharges in the same path with a 
time interval between, and 7 others began as continuing 
strokes followed by distinct discharges. No strokes were 
recorded that could be called multiple strokes alone, with- 
out some admixture of continuing discharges. One stroke 


was observed consisting of a single discharge that was not 
continuing. 


It is possible that all the strokes would have 


Figure 4. Multiple stroke to Empire State Building consist- 
ing of initial low-intensity long-continuing discharge and six 
subsequent discharges 
The Boys-camera photograph was obtained from the building at 500 
Fifth Avenue; oscillographic record below it was obtained in Empire 


State tower. Letters A to K mark corresponding points on photographic 
and oscillographic records 
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been found to be continuing if the equipment had been 
capable of detecting the effects of very small currents 
although this does not seem likely based on present data. 

These results indicate that the continuing discharge is 
really a d-c are which may persist as long as 0.625 second 
and may have superimposed current peaks of a variety 
of magnitudes. 

One might argue that the continuing type of stroke 
does not occur except to tall structures, yet once the dis- 
charge is started there seems to be little basis for assuming 
that the height of the building could have any great 
effect, except to shorten the arc, thus requiring less poten- 
tial to maintain it. There is no evidence of which the 
author is aware to indicate that sufficient potential would 
not be available to maintain an arc of the increased 
length required to reach the ground. The ground re- 
sistance of the Empire State Building is very low, on 
account of the extensive foundations and pipe systems 
connected to its steel framework. If the cloud were a 
good conductor, there is no reason to believe that the 
discharge would be different from that of an impulse 
generator, to the degree that the discharge would obey 
the same laws, based upon the resistance, inductance, and 
capacitance of the circuit. But the cloud is not a con- 
tinuous conductor; rather it consists of charges on drops 
of water separated by air gaps which must be broken 
down. Moreover, the cloud masses may be very large, 
and the charges in remote regions are not immediately 
available at the point of arc. The current peaks are 
perhaps the result of tapping new regions in the cloud 
separated or isolated by inhomogeneities of the cloud 
structure. 

That the continuing type of discharge occurs to other 
than tall structures is evidenced by data from the Pitts- 
field lightning observatory, which shows many of the 
discharges to be of this type. Because of the relatively 
rather great distance of some of the strokes from the 
camera, continuing illumination in some cases could not 
be photographed even if present. 

There is no doubt whatever in the mind of the author 
that continuing strokes are frequent to the open country, 
where the ground resistance may be either high or low, 
and that they also occur to transmission and distribution 
circuits where the ground resistance to d-c arc may be 
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STROKE DURATION — SECONDS 


very low, as in a grounded-neutral system where the 
transformer winding represents a relatively small imped- 
ance to the flow of such unidirectional currents to ground. 

Downward leaders, whether stepped or continuous, 
always are followed by a return discharge building up 
from the ground end through the established channel. 
With the upward stepped leaders no return stroke, as 
such, is found—the last streamer having extended itself 
to meet either a down-coming leader or streamer; current 
continues to flow in increased or decreased amount until 
the charges are so depleted that the discharge ceases. 
As a rule, the initial discharge of a continuing stroke is 
not very bright compared with discharges that may follow 
in the same path; however, in eight cases the photographs 
gave the impression of a strong upward main stroke at 
the beginning, but close analysis, often in conjunction 
with other data available, indicated that the apparent 
brightness was in the upward streamers—more likely the 
result of a succession of closely packed bright streamer 
tips. 

Schonland, Malan, and Collens™ suggested that the 
return-stroke process is dependent upon the availability 
of charge at the end of the leader channel, indicating that 
discharges into the air did not exhibit the return-stroke 
process because of a lack of charges at the end of the 
streamer. It would seem that the same explanation 
would account in part at least for the lack of return 
stroke process when a discharge proceeds from earth to 
cloud, that is, sufficient cloud charge is not immediately 
available to produce the return stroke. 


DURATION OF DISCHARGES IN SAME PaTH 


The maximum duration of any stroke measured during 
the three years of study was 1.53 seconds, which is con- 
siderably longer than any reported heretofore. This 
time, of course, does not represent the longest possible 
duration, but considering all the data of this and other 
investigations it probably is close to the maximum. 
Using data from both the crater-lamp oscillograph and 
the Boys cameras, the curve in figure 6 was obtained. 
This shows that at least 50 per cent of the discharges will 
have a duration of about 0.4 second. 


POLARITY 


Of the 55 strokes studied during the three years, none 
are known to be initially from a positive cloud center. 


All magnetic-link readings indicate negative cloud, al- 
though some reversal was obtained with many of the 
readings. It is best, however, to give most weight to the 
oscillographic records, since the information they yield is 
of a detailed nature, although the discharges of highest 
magnitude were not measured on the oscillograph. Those 
discharges that did not flash over the antenna insulator 
did not give magnetic-link records, but did give oscillo- 
graphic records. For those cases where the oscillograph 
did not record, but the magnetic links did, it is safe to 
state that no stroke from a positive cloud occurred, unless 
it were of relatively small magnitude. It is believed 
that during 1937 such a stroke would have produced a 
record on the crater-lamp oscillograph, but since none 
was found there appears to have been no stroke initially — 
positive to the building. 

Of the 27 strokes for which oscillograms were obtained 
all but three were entirely negative, that is, from negative 
cloud. These oscillograms show how different in detail 
the lightning discharge may be, and considering the in- 
finite variations of conditions in the cloud this does not 
seem strange. 

One of the oscillograms showing reversal in polarity of 
discharge is reproduced in figure 8, which is for a con- 
tinuing negative stroke (number 14) of small magnitude, 
followed 0.064 second later by a negative discharge having 
a crest of about 1,500 amperes. This was followed with 
almost exactly the same time interval by a positive dis- 
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Figure 7. Multiple stroke consisting of initial long-continu- 

ing low-current discharge and two heavier discharges, last of 

which had positive polarity. Rotating-lens image continued 
for more than one revolution 
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charge having a crest of about 2,000 amperes and per- 
sisting a little longer than 0.03 second. The entire stroke 
had few current peaks, but like the other two similar 
strokes recorded the reversal occurred at the end. 

Photographs were obtained of stroke 14 with all three 
cameras, the medium-speed (2 revolutions per second) 
record being reproduced in figure 7. This shows the 
beginning of the stroke at the point marked, which by 
the way shows photographic reversal. The noncon tinuing 
discharge at 0.314 second had a downward continuous 
leader having a velocity of 9.5 feet per microsecond 
(medium-speed camera). The position of the image of 
the third and final discharge, which was positive, was 
such as to make the determination of whether or not it 
possesses a leader rather difficult. At least none could 
be found in spite of the most careful examination of the 
original films. In no other regard was it possible to 
detect any difference that might be ascribed to change in 
polarity. 

The third case of reversed polarity is that of stroke 21, 
for which the slow-speed (one-half revolution per second) 
record is shown in figure 9 with corresponding oscillogram 
in figure 10. As with the other two this stroke began as 
a continuing negative stroke, changing to positive at the 
end. The negative crest current was 600 amperes, while 
the positive was a little over 900 amperes. Such a stroke 
would have registered as a positive stroke on a magnetic 
link. No leader stroke was found at the point of change 
of polarity, although the variations in current and the 
corresponding changes in intensity for approximately 
0.01 second after reversal may have some significance. 
This is discussed under the general heading of leader 
strokes. 

No distinguishing characteristics could be found from 
the slow-speed record that would identify this portion of 
the stroke as being positive. If the illumination died out 
when passing through zero current, it is not apparent on 
the film. 

Laboratory tests on a vertical 60-cycle arc with a 
current of approximately two amperes showed that the 
illumination in general dies out when the current passes 
through zero. It also was noted that the illumination is 
not continuous between the electrodes even though the 
current does flow continuously. This same phenomenon 
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Figure 8. Replot of crater-lamp oscillogram of stroke shown 
in figure 7, showing reversal of polarity 


ce) 0.05 0.10 0.15 


DECEMBER 1938 


McEachron—Lighining 


POLARITY __--—~ 
REVERSED 


Figure 9. Heavy single continuing discharge with large 
number of current peaks. Stroke reversed from negative to 
positive at 0.11 second 


is apparent in the photographs of continuous strokes of 
natural lightning with moving lens. 

Thus it appears that discharges to the building with 
positive cloud occur very rarely, if ever. Approximately 
90 per cent of all discharges measured with the oscillo- 
graph were entirely negative. The other three strokes 
showing reversal began as continuing negative discharges, 
which seems to indicate that as the continuing discharge 
progressed, tapping more and more remote regions of the 
cloud, it finally reached an upper portion, perhaps where 
there was sufficient positive charges to give the results 
found. 


AMOUNT OF CHARGE TRANSFERRED BY THE STROKE 


Until these oscillographic results had been analyzed, 
the author!* believed, based on the best information 
available, that 20 coulombs was the maximum to be 
expected from a single lightning stroke. However, one 
of the strokes recorded was found to have delivered a 
total charge of 164.1 coulombs, of which 2.6 coulombs 
resulted from the flow of positive current; this is about 
eight times the maximum previously estimated. Figure 
11 gives the results in curve form for all the 27 strokes 
for which oscillograms are available. This curve indi- 
cates an expectancy of 35 coulombs or more for 50 per 
cent of the strokes. 


Mechanism of Discharge 


One of the most important contributions of this in- 
vestigation to the study of lightning as a natural phe- 
nomena is the discovery in 1936 and measurement of 
upward leaders from the top of the building. (That up- 
ward leaders would be found was predicted by T. E. Alli- 
bone?! in May 1938.) As a matter of fact, all the con- 
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Figure 10. Re- 
plot of  crater- 
lamp. oscillogram 
of stroke shown in 
figure 9, showing 
reversal of polar- 
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tinuing strokes on which it is possible to make a good 
analysis show the existence of the upward stepped leader. 
It is nearly always visible on the slow- and medium-speed 
photographs when the beginning of the stroke is so located 
upon the film as to make analysis possible. It is difficult 
to measure propagation velocities on these slower-speed 
photographs, but over-all velocities can be obtained in 
many cases. The high-speed photographs also have 
shown some upward stepped leaders. 

Seven strokes, which did not begin as continuing strokes 
and which had a rate of current rise steep enough to cause 
flashover of the antenna insulator, are all believed to have 
had downward initial leaders. Reliable data were ob- 
tained on 2 of these strokes. 

There seems then to be two different types of strokes to 
the building, both negative in polarity: One is the con- 
tinuing relatively low-current stroke beginning at the 
building and extending into the cloud; the other is like 
that identified by Schonland’? where the stepped leader 
begins at the cloud, but this type of stroke to the building 
for the cases observed is not initially continuing and has a 
high rate of current rise, and presumably usually reaches a 
high current value before beginning to decay. Since 
downward and upward stepped leaders to the building, 
always with negative cloud polarity, have been observed, 
it would appear that the direction of propagation of the 
initial leader is not dependent upon polarity, but is de- 
pendent to a large degree upon the configuration of the 
two electrodes. Laboratory tests indicate that between 
needle and plane the discharge begins at the point, irre- 
spective of polarity; this also has been checked by 
Matthias,’ and Allibone.*! Between two needles the dis- 
charge appears to start from each end, and this may be 
the case of the upward leader at the Empire State Build- 
ing; but within the limit of our observation, which often 
extends as far as the stroke is visible, or at any rate 2,600 
feet vertically, no evidence has been found of a down- 
coming stepped leader to meet the one coming up from 
the building. An intermediate condition may exist with 
conducting structures having heights of the order of 100 
feet, such as transmission-line structures. 

It is quite certain that branching takes place in the 
direction of propagation, and is not dependent upon 
polarity. This is confirmed by laboratory tests reported 
by Allibone and Meek?! at reduced atmospheric pressure, 
as well as by unpublished work by the author. Allibone 
and Meek also found leaders from both electrodes when 
both were pointed. Most of the strokes to the Empire 
State Building that began with upward leaders do not 
show branching, but in five strokes branching upward 
was found. In those strokes where downward stepped 
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leaders to the building were observed, no branching was 
found, although downward branching was found in strokes 
where stepped leaders were not recorded. In no case 
was downward branching found with upward stepped 
leaders or vice versa. 

It was of much interest to find that all subsequent dis- 
charges following the initial discharge were preceded by a 
continuous downward leader in every stroke where a leader 
of any sort was found. Frequently leaders could not be 
found for subsequent discharges, but they may have been 
too weak to photograph. The fact that they are found on 
so many subsequent discharges would strongly indicate 
that they could be found on all subsequent discharges — 
through the same path, if the limitations of recording 
permitted. Once the path was established, whether by ~ 
upward or downward stepped leader, subsequent leaders 
always were downward. 


Figure 11. Frequency of oc- 
currence of stroke charge of 
various magnitudes based upon 
crater-lamp oscillograph data for 
27 strokes 
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PER CENT OF TOTAL STROKES PASSING 
A CHARGE OF AT LEAST THE AMOUNT 
INDICATED IN THE ABSCISSA 


The current in a continuing stroke need not reach zero 
in order that a discharge may occur with a continuous 
downward leader. One example of this kind was found, 
the continuing current being something less than 20 
amperes when the sudden increase in current appeared. 
In general, downward leaders are associated with high 
rates of current rise, while with upward initial leaders 
the rate of rise is relatively slow. 

In figure 12 diagrammatic sketches show the usual type 
of leaders to be expected, comparing a stroke to com- 
paratively level earth with a stroke to a tall conducting 
object having a shape similar to that of the Empire State 
Building. 

The author has been puzzled since first reading of the 
work of Schonland as to a method of attack that would 
allow one to measure the currents required to support 
the stepped leaders when fed from the cloud. When the 
streamers are upward and are fed from the antenna 
through the oscillograph shunt, the problem of measure- 
ment becomes much easier. Since the time interval be- 
tween the steps as measured by the high-speed camera is 
of the order of 20 microseconds, only a cathode-ray 
oscillograph correctly would measure these streamer cur- 
rents. Such equipment was installed for the 1938 season. 
However, the oscillograms do show a period of fluctuation 
during the streamer period which corresponds to a similar 
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fluctuation in illumination at the beginning of the con- 
tinuing stroke. This type of disturbance is plainly visible 
in figure 13. 

The first streamer currents are not recorded on the 
crater-lamp oscillograph, but if the period of fluctuation 
of illumination at the beginning of the continuing stroke 
indicates streamer currents feeding leaders within the 
cloud or out of range of the cameras, then the data indi- 
cates that these currents may be of the general order of 
50 to 650 amperes. The first few streamers, those feeding 
the portion of the leader within the range of the cameras, 
appear to vary from 50 to 200 amperes. Considerable 
interest centers around what happens with a change in 
polarity, but no distinguishing difference could be found. 


Leaders 


Of 17 strokes photographed in 1936, 13 definitely are 
known to have been initiated by upward stepped leaders, 
while during the 1937 season, out of 36 strokes to the 
building 23 had upward stepped leaders. The remaining 
4 strokes of the 1936 season could not be identified. All 
those identified as upward leaders were associated with a 
continuing stroke. Of the 13 strokes not having upward 
stepped leaders measured in 1937, 2 had initial upward 
continuous leaders and 2 had initial downward continuous 
leaders with 9 remaining without sufficient data to classify. 
Of these 9 strokes, 5 appeared only on the oscillograph 
record; and because the current was less than 125 am- 
peres, initiation was delayed, so that if the characteristic 
current variation during the streamer period had been 
present it was lost. Three of the strokes occurred during 
heavy fog and were recorded on the slow-speed cameras 
very faintly. The ninth stroke was very weak and with- 
out discernible leader. Although all upward leaders 
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initiated continuing strokes, and all continuing strokes 
for which leader data are available had upward leaders, 
either more data will show downward stepped leaders to 
the building initiating continuing strokes, or it will have 
to be concluded that this situation is peculiar to this tall 
structure. (This discussion is confined to strokes in 
which continuous discharge followed the initial stepped 
leader.) 

Of the records obtained of upward initial stepped 
leaders, those for stroke 16 perhaps are most reproducible, 
and at the same time complete camera and oscillographic 
records are available. The medium-speed photograph 
reproduced in figure 13 shows the stroke beginning with 
an upward leader, the presence of which plainly can be 
seen on this record, followed by an illumination that 
gradually dies out. This is followed by six successive 
discharges. The oscillogram shown in figure 14 was de- 
layed about 0.008 second in starting, due no doubt to the 
small current for initiation. The current after the leader 
had completed its path was small, being less than 100 
amperes for 0.08 second. The last two discharges which 
apparently are each made up of two separate discharges, 
appear from the oscillogram to be one discharge. This 
also is confirmed by the high-speed photograph. 

In figure 15 is reproduced enlarged sections of the film 
taken from the high-speed camera for stroke 16. In the 
upper record may be seen the initial upward stepped 
leader, with a velocity of propagation of 0.98 -feet per 
microsecond, an average interval between steps cf 30.4 
microseconds, and an average length of step of 25.7 feet. 
Each of the bright points is connected with the top of the 
building with a streamer which is visible on the film in 
nearly every case, but may not appear after reproduction. 
Twenty-three steps are visible. The streamers move 


upward from the top of the tower at a velocity of approxi- 
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Figure 12. Schematic diagrams showing discharges from negative cloud to substantially flat 
terrain (upper) and to tall structures (lower). 


A few downward stepped leaders have been 


observed to the Empire State Building 
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mately 200 feet per microsecond. Almost all the streamers 
retard slightly as they approach the end of their travel, 
as evidenced by a change in slope of the streamer as 
drawn out along a time scale by the motion of the film. 

No relation could be found between the length of step 
and the time interval. The minimum length of step was 
19 feet and the maximum 69 feet. Most of the steps were 
close to the average of 25 feet, but considerable error can 
take place in this measurement, both on account of the 
smallness of the image and the variations of path in the 
line of sight. There is no proof that the steps are not 
substantially constant in length. 

Although the time interval varied from 100 to 20 micro- 
seconds, most of the measurements were close to the 
average of 30 microseconds. The accuracy of these 
measurements is probably somewhat better than of those 
involving the length of step. 

The six following discharges are reproduced in the lower 
portion of figure 13. Each has a continuous leader, the 
velocities of which were as follows in the order given: 
16, 33, 50, 73, 45, and 44 feet per microsecond. 

Upward-stepped-leader velocities ranged from 0.17 to 
2.09 feet per microsecond while downward-continuous- 
leader velocities ranged from 1.9 to 128 feet per micro- 
second. Although an effort was made to determine if 
any relation existed between the amount of charge in a 
stroke and leader characteristics, none could be found 
with the data available. Likewise the time interval 
between succeeding discharges could not be related 
definitely to the velocity of propagation of downward 
leaders. More data may show some relation between 
these factors. 


Deionization Time 


There seems to be few data that would help fix the time 
required for the air to restore itself to its original insula- 
tion value. Perhaps the longest time for a lightning stroke 
between discharges in the same path would give some 
indication of the deionization time, assuming of course, 
that the current from the preceding discharge was zero 
during the interval. If the illumination streaks on the 
slow- and medium-speed records are used as indications 
of current flow, which has been the practice in preparing 
this article the longest interval of time during which the 
current was zero was 0.22 second. (The longest interval 
measured in Pittsfield was 0.44 second.) 

One might think that wind velocity would have some- 
thing to do with deionization, but many cases are on 
record where the path has been blown along by the wind, 
and at least in those cases the path was sufficiently ionized 
that the discharges still continued in substantially the 
same path. In a 60-mile wind, the path would move 
17.6 feet in 0.2 second. Since the displacement at the 
electrodes is so small compared with the length of the 
arc, it is doubtful if the wind has much effect. When 
sufficient data are available, a relation may be found 
between the amount of current and its duration, which 
has an influence upon the time that the path remains 
ionized. 


Branching 


Although no statement can be made on data taken in 
the New York investigation concerning the effect of 
polarity on branching, yet with negative cloud, branching 
has been found both upward and downward, depending 
upon the direction of propagation. Six of the 27 photo- 
graphed strokes to the Empire State Building secured in 
1937, show branching, four being branched upward and 
two downward, with corresponding upward and downward 
initial leaders. 

In general, the character of the downward branching 
is quite different from that of upward branching, appear- 
ing as rather short branches only a few hundred feet 
apart, measured along the main stroke channel. Fre- 
quently the upward branches reach out to cover a con- 
siderable area, although this is not certainly true in every 
case recorded. In the case of the path immediately 
adjacent, no division was recorded closer than 600 feet 
from the top of the building. 

If direction of branching can be taken as an indication 
of the direction of propagation, in the many cases where 
still photographs are available but no moving-film records 
have been taken, considerable progress will have been 
made in the analysis of wave shapes of lightning current 
reaching transmission lines and similar structures, assum- 
ing that the rate of propagation and amount of charge 
determine the wave front and crest current. 


Maximum Currents Measured 


Table II shows the values of current measured with 
the magnetic links during the four years they have been 
in use. 

In figure 16 is plotted the frequency of occurrence of 
currents of various magnitudes, whether measured by the 
oscillograph or through the use of magnetic links. Plotted 
with this curve is one taken from the most recent data of 
Lewis and Foust? for transmission lines, and from Mc- 
Eachron and McMorris* for currents through lightning 
arresters connected to distribution circuits. 


Discharge Path 


Since the electrostatic field is along smooth curved lines, 
it is very evident that lightning, and for that matter 
sparks in general, do not follow the direction of the field. 
This is because breakdown is not simultaneous over the 
length of the path, and the progressing streamer picks out 
the best path from instant to instant, resulting in the 
crooked path so familiar to one who studies lightning. 
This being so, it is not difficult to visualize why lightning 
does not always strike the highest object. Where up- 
ward leaders determine the path, the stroke presumably 
will be from the highest point. However, with down- - 
ward leaders, the best path may not be the shortest path, 
and the attractiveness of one path over another may 
change even during the progress of a multiple stroke. 

The first stroke of this type to the Empire State Build- 
ing to be photographed is shown in figure 17 and was 
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taken in August 1936. Two strokes to the building 
appear in this record, the camera having been moved 
between them. Unfortunately at the time the stroke on 
the left occurred the moving lens had closed so no detailed 
record is available of what happened. However, the 
record from the still lens tells an interesting story. The 
path of the stroke is displaced sufficiently so that four 
discharges may be seen. The first discharge of the series 
struck a building 360 feet high and 1,200 feet west of the 
Empire State Building. Since this first discharge is 
branched downward, presumably in the light of present 
knowledge, it had a downward leader. The three fol- 
lowing discharges left the path of the first discharge at a 
point 655 feet above the Empire State Building, the first 
discharge to reach that building showing at least one 
downward branch approximately 550 feet above the 
building. The remaining discharges had no branches 
that could be detected. It may be that a streamer built 
up from the Empire State Building which changed the 
course of the succeeding discharges, but there is no evi- 
dence to support this idea except that it is what one would 
expect. 

Out of a total of 46 strokes recorded to the building, no 
stroke has terminated within a cone whose base radius 
on the ground is 1,200 feet, except one which terminated 
16 feet down from the top of the antenna. The Gaty™ 


. 
. 


photograph referred to in the beginning of this article is 
the only other known stroke that failed to strike the top 
and struck within the cone. 


Figure 13. Multiple stroke consisting of long-continuing 

low-current discharge followed by six noncontinuing dis- 

charges. Arrow indicates point at which oscillograph 
started to record 
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Figure 14. Replotted oscillogram of stroke shown in figures 
13 and 15, showing seven discharges for each of which a leader 
was found 


Upward Streamers Without Connecting Stroke 


Two upward streamers from the Empire State Building 
that did not result in a stroke to the building were photo- 
graphed in 1937. One of these was about 300 feet long, 
and apparently took place at the time of a cloud-to-cloud 
discharge. Details are lacking on account of the poor 
visibility at the time. The other streamer occurred at 
the time of a single cloud-to-cloud discharge when a 
branch downward came within 400 feet of the top of the 
building. The upward streamer from the building top 
extended to within 130 feet of the downward branch. 

One upward streamer also was photographed in 1936 
extending 85 feet upward from the Metropolitan Life 
Insurance Building which is a structure 657 feet high and 
situated 2,100 feet from the Empire State Building. The 
same film also shows a stroke with upward leader from 
the Empire State and one with an upward leader from the 
Cities Service Building. 


Thunder 


During 1935 the engineer operating the camera re- 
ported that on two occasions he saw strokes to the Empire 
State Building, but did not hear thunder as it usually is 
identified. He reported a sound that he described as 
being the same as though a paper bag full of water had 
been dropped for a short distance. Upon further inves- 
tigation it was recalled that the Superintendent of Build- 
ings in Washington, D. C., had reported™* that in 1885 
lightning struck the Washington Monument without 
audible thunder. In the light of what is known now, it 
appears that lightning without the usual thunder will 
result from the upward streamer of small magnitude 
followed by a continuing stroke without any steep current 
peaks. Such a continuing stroke, which is really a d-c arc, 
might well give the appearance of a severe stroke of 
lightning without much, if any, thunder in the ordinary 
sense. In many cases during the 1936-37 seasons, the 
noise of the high-speed cameras was such that observations 
on thunder were often unsatisfactory. 


Streamer Currents 


The velocities of upward stepped leaders fall within 
the limits measured by Schonland for downward stepped 
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\ ~>— Time 
initial upward stepped leader, Vel of propagation O.9 8 ft 7 sec 
Average interval belween steps 30.441 sec Average length of step 25.7 fr. 


Time —-— Tine —— . Time 
Dischg 2 leoder vel (6 ft/tisee Dischg 3 leader vel 33 ft/Al sec Dischg 4 leader vel SOFI/M sec 


TiO See Time ——-_ Time 
Dischg 5 leader vel 73 ft4Arsec Dischg 6 leader vel 45 tt/4asec Dischg 7 leader vel 44 f/u sec 


High-speed record of multiple stroke shown in 
figure 13 


Figure 15. 


Top record shows progress of initial upward stepped leader. Lower 

records show six noncontinuing discharges, all with downward continu- 

ous leaders. Although all leaders showed plainly on the original 

negative, retouching was required to make them visible in the reproduc- 
tion 


leaders, and the time intervals are of the same general 
order of magnitude. The downward continuous leaders 
had velocities also within the limits obtained by Schonland 
and ourselves when measuring strokes to open country. 
These comparisons lead one to believe that as a first 
approximation the streamer currents from the top of the 
building will be of the same order of magnitude as those 
that move downward from the cloud in the stepped 
leader. 

A consideration of the data seems to indicate that the 
stepped leader has about the same characteristics whether 
upward from a well-grounded building or downward from 
a cloud having charges residing upon the surface of drops 
of water or ice particles more or less insulated from each 
other. Since the lack of mobility of charges within the 
cloud will have but little effect upon the mobility of 
charges in the earth, it is reasonable to conclude that the 
mechanism of the stepped leader is not peculiar to 
the cloud and its formation, but would have existed if the 
cloud had been a conducting body with a point of con- 
centration provided by a long conducting needle pointing 
toward the earth. 
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Considering the upward and downward leaders from 


another point of view, as seen from the earth end a down- 


ward leader attached to the cloud through a streamer 
starts an upward moving main stroke following contact 
with the earth. The velocity of the streamer is known, 
also the velocity of the returning main stroke. As 
viewed from the cloud end a time interval of several 
hundred microseconds would elapse before the main 
stroke reached the cloud. If conditions are the same for 
the upward leader one might expect a similar waiting 
time before the return of the main stroke, of at least 
half that time, if the leaders were both downward from 
the cloud and upward from the building. But no such 
time interval has been found, the last upward streamer 
merely becoming more intense and developing into the 
main stroke. What this means when applied to the down- 
ward stepped leader as viewed from the cloud end the 
author does not know; perhaps additional data will 
supply the answer. 


A Picture of the Lightning Stroke 


The picture of a lightning stroke as it appears to the 
author at present is something like the following: The 
majority of lightning discharges photographed in the past 
were branched downward, indicating downward leaders; 
this is to be expected when the earth is more or less a 
plane surface as regards the cloud, which due to its con- 
struction automatically begins to act as a needle point as 
the charges accumulate in some part of the cloud. The 
discharges proceed from the cloud in a series of steps, 
always being fed by a streamer from the original cloud. 
As this streamer progresses, choosing the best path, the 
charges upon the earth’s surface begin to flow into the 


Solid curve—Based 
upon 27 strokes to 
Empire State Build- 
ing recorded by 
crater-lamp oscillo- 
graph and 11 mag- 
netic-link readings 


Dashed curve 1— 
Lewis and Foust data 
(reference 2) based 
upon 358 strokes to 
transmission lines 


Dashed curve 2— 
McEachron and Mc- 
Morris data (refer- 
ence 22) based upon 
1,608 discharges 
through distribution 
lightning arresters 


CREST CURRENT — THOUSANDS OF AMPERES 
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igure 16. Frequency of occurrence of strokes of various 
current magnitudes as determined by three different investi- 
gations 
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region of increased field strength due to the approaching 


streamer. When the field strength becomes sufficient, 
streamers will form from grounded objects on the earth’s 
surface. The stroke usually will contact the longest 
streamer; the return stroke follows, in which charges 
from the earth will pass up the stroke channel, their 
flow constituting the current in the discharge. The 


_ Shape of the front of the wave will depend upon the rate 


at which charges flow into the point to be struck. The 
crest current will be determined by the number of charges 
flowing into the channel at the time of contact; and if the 
stroke is to be continuing, charges will continue to flow 
until the supply is exhausted in either the earth or the 
cloud. 

Thus the shape of the front of the wave of current of a 
lightning discharge with initial downward leader to a 
transmission line is probably dependent upon the amount 
of charge and the rate of its propagation toward the point 
to be struck, while the shape of the tail of the wave is 
dependent upon the amount of charge available. It is 
not known whether or not the percentage of continuing 
strokes to open country is as great as to the Empire State 
Building, but it is known that they do occur frequently 
and are probably dependent to a large degree upon the 
distribution of charge within the cloud for their existence. 
If it is true, as suggested, that the current in a discharge 
with a downward leader will be maximum (unless some 
new cloud charge is tapped) when that leader makes 
contact with either the earth or a short streamer from the 
earth, the magnitude of that current will be determined 
by the charge in the earth and its availability. The 
amount of charge in the earth will be related to the amount 
of charge in the cloud and so will the maximum current. 
A considerable portion of the charge associated with the 
particular stroke will move from the cloud down into the 
channel created by the leader. This channel of charges 
will extend all the way to the earth to unite with the 
charges from the earth when contact is made. This 
reasoning would lead one to believe that continuing 
strokes with downward leaders would be likely to have an 
initial peak followed by the more or less steady current 
flow due to the partial or complete discharge of the cloud 
center. 

Presumably discharge starts from the cloud without 


Table Il. Maximum Currents Measured With Magnetic 
Links—Empire State Building, 1935 Through 1937 


Maximum Current Number of Strokes 
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Nore: Current values indicated for 1936 and 1937 represent summation of all 
current values measured in the different parallel paths represented by the 
antenna structure on top of the building. 
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Stroke | consisted of 
at least four dis- 
charges; the first 
of the series struck a 
building 360 feet 
high and 1,200 feet 
west of the Empire 
State Building. Re- 
maining discharges 
contacted Empire 
State Building 


Figure 17. Two strokes (I and Il) to the Empire State 
Building, the cameras having been moved between the 
two strokes 


being influenced much by the earth configuration, but as 
the discharge approaches it is influenced more and more, 
although as a rule that influence is local in character. 
However, the taller the conducting object, the greater its 
influence. With strokes initiated by upward leaders, 
the situation is different. It is believed that upward 
leaders will occur only when conditions on the earth simu- 
late a needle point of sufficient height to have an influence 
on the propagation. Perhaps some natural configurations 
of the earth might be of such a nature as to produce the 
upward leader. However, it seems to the author safe to 
state that the downward leader stroke represents the 
type of stroke of greatest importance in the problem of 
protection of transmission lines and apparatus. 

The effect of the continuing type of stroke must be 
determined. It does not seem to be of great importance 
on grounded neutral electrical systems, because the con- 
tinuous current readily can flow to ground through the 
transformer windings. The isolated-neutral system may 
have trouble with protective apparatus connected to 
ground. Just how important this matter of continuing 
strokes will prove to be is not known at present, but it 
may help explain some of the failures of lightning arresters 
attributed to arcing grounds or other system disturb- 
ances. The continuing type of discharge may have con- 
siderable effect on the blowing of fuses used to protect 
distribution transformers when operating with grounded 
neutral. 

The amount of charge involved in the continuing stroke 
gives some idea of the amount of charge in a cloud center. 
Assuming a crest current of 200,000 amperes and a time 
to half value of 50 microseconds, the charge would be but 
twenty coulombs, which is less than the average obtained 
in New York. However, this difference is to be noted: 
These large amounts of charge result from the relatively 
long times involved, which possibly suggests that only a 
part of this charge would be available for a high-current 
short-time discharge. All this indicates the extreme im- 

(Concluded on page 507) 
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Value of the AIEE to Electrical Enaineere 


By JOHN C. PARKER 


PRESIDENT AIEE 


The greatest values of the Institute to its membership “are to be found, as elsewhere 
in life, through the opportunities offered for giving out rather than for taking in 


tion as the American Institute of Electrical Engineers 

to its membership is measured by the extent to which 
the member puts himself into the activities of the organiza- 
tion. There is, nonetheless, some value in the reiteration 
of these things that are well known. 

It is true that the Institute sends monthly to the 
membership our professional magazine, ELECTRICAL 
ENGINEERING, which carries the news of the profession 
and a remarkable group of professional papers of the high- 
est quality, and that the Institute makes available to its 
membership TRANSACTIONS which constitute an extra- 
ordinarily valuable reference library. If these publica- 
tions merely find their way to the library shelves or into 
the wastepaper basket, they discharge perhaps a negative 
economic function. When used, they become a powerful 
instrument of that self-education which, in some form or 
other, any professional man must carry as long as he wills 
to grow in his profession. 

Valuable as are these publications, I think they mark the 
least of the values of the Institute to its membership, the 
greatest of which are to be found, as elsewhere in life, 
through the opportunities offered for giving out rather 
than for taking in. The Institute will realize its fullest 
value to the membership when as many as possible of the 
15,000 members are participating in some way or other in 
the conduct of their professional organization. 

It would be difficult to stress too highly the value to 
those members who are creatively minded of preparing 
papers for presentation at the meetings of the Institute, 
large or small, formal or the most casual. The man who is 
doing things in his profession benefits much by organizing 
and appraising his own mental processes and presenting 
his ideas for the criticism of others. Those members who 
do not feel that they have as yet any major contributions 
to offer can still do a vitally creative thing in submitting 
written discussions. 

In a larger and more generous way, this contribution 
to the technical proceedings of the Institute gives a man 
opportunity for growth in his profession which he cannot 
get merely out of the everyday performance of his own 
work, however good that may be. 

In a narrower and more selfish sense, the floors of the 
Section meetings and the pages of the Institute publica- 
tions give members an opportunity to make themselves 
known for what they are. I do not suggest that in pro- 
fessional advancement dressing the show window will take 
the place of solid merit, or that the returns from such 


An address presented at a meeting of the AIEE New York Section, October 19, 
1938. 


| IS bromidic to say that the value of such an organiza- 
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participation in Institute activities will be immediate; 
but I do know that sound professional repute is based on 
just such opportunities for out-giving as the Institute 
offers. 

Exclusive of duplications, 513 members of the Institute 
are engaged in the work of the general and technical com- 
mittees of the national organization. I do not know how 
many hundreds are similarly engaged in the work of the 
Sections and Branches. Here again is an opportunity for 
the development and demonstration of administrative 
ability and of those personal qualities of co-operation that 
cannot but redound to the benefit of those men, particu- 
larly the younger ones, who show a capacity for selfless 
devotion to something bigger than immediate self-interest. 

It is the hope and earnest intention of your officers that 
constructive means may be found whereby, in the various 
personal contacts offered by the Institute, the younger 
members may find opportunity to express themselves, and 
at the same time whereby the means may be created to 
bring the older members, even those in executive rather 
than in technical jobs, to the meetings of the Sections as 
well as to the major meetings. This at once should give 
the younger members an opportunity to know something 
of the kind of men who are building our profession and 
give these elders a chance to watch their successors per- 
form. The mutual benefit of this is fairly obvious. 


This much has to do with the narrower values that the 
individual engineer may, for himself, find in the Institute. 
There are other less tangible, but more real, values. 

No man can hope to make a place for himself in society 
through the practice of a profession excepting as that pro- 
fession takes a high and valued place in the social order. 
No profession can take a very large place in society except 
as the individual members make it strong and worthy of 
respect. Here in the Institute we have a great organiza- 
tion for mutual effort not only in promoting a better under- 
standing and a fuller knowledge of engineering theory and 
practice, but of so directing that practice and giving it such 
a tone as will command more fully the respect of the world 
at large. 


The Institute has been very jealous of its repute for a 
high quality in its publications and discussions, but even 
more for the highest of quality in its membership. I 
believe that that repute is a very real thing and that it has - 
a wide acceptance. With the interchange of ideas and 
with the quiet expression of aspirations among a highly 
selected membership, the Institute can continue to do 
great things toward giving such social direction and em- 
phasis to the work of the engineer as shall enable each of 
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us to take an increasing pride and satisfaction in his pro- 
fessional associations. 

This modern world is industrial to its core. The spring 
of industry is in the mind and in the spirit of the engineer. 
Whether an industrial civilization shall advance the 
human race or shall be a period of retrogression depends in 
no small measure on the ethical, the professional, may I 
say the spiritual, attitude of the engineer toward his work 
and toward the society in which he lives. 

Here in the Institute, men of varied occupations in enter- 
prises having to do with engineering find a common meet- 
ing place in which, incidentally to technical discussions 
and to administrative responsibilities for the conduct of 
the Institute, they may find opportunity to appraise, to 
stimulate, and to appropriate the highest visions of our 
profession and of its place in the slow and painful upward 
progress of mankind. This sort of co-operative effort is 
too subtle for legislative administration or for resounding 
resolutions. It may be even too delicate a thing for 
formal discussions, but I am sure that in the unconscious 
word dropped here or there in committee meetings, in the 
implicit sense of responsibility and obligation as it de- 
velops in board meetings, even in the fellowship of smokers 
and dinner-dances, all of us can find incentives to the high- 
est of which we are capable—and deterrents from the 
lowest—through our daily work to do an honest job as 
electrical engineers devoted to the service of mankind. 


Lightning to the Empire State Building 
(Continued from page 505) 


portance of measuring the characteristics of the down- 
leader type of stroke. Several of these occurred to the 
Empire State Building during 1937, but in all cases but 
perhaps one, flashover of the antenna insulator resulted. 

It is also important to determine the streamer currents 
more accurately, which will be done in the future using a 
cathode-ray oscillograph instead of the magnetic oscillo- 
graph. It is also planned to attempt a correlation be- 
tween the photographic intensity and the current in the 
stroke. If practicable, this would greatly extend the 
field of the observations. 
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Basic Equations for Electric and 


Sound Radiation 


HE purpose of this paper” is to derive the basic equa- 

tions for electric radiation and for sound radiation by 
elementary calculus, without using the notions of dif- 
ferential equations or of vector analysis. The essential 
step is the selection of an elementary wave pulse discon- 
tinuous only at its front and not involving double layers 
nor regions of infinite energy at the wave front. 

The procedure for electric radiation is to assume an 
elementary wave pulse having a certain current distribu- 
tion; thence to find the distributions of magnetic inten- 
sity and electric intensity employing the law of magneto- 
motive force, the law that dielectric current is the time 
derivative of dielectric flux, and the proportionalities be- 
tween the two intensities and their flux densities, as given 
by the proportionality factors for the medium; and 
finally to show that the remaining fundamental law, that 
of induced voltage, is everywhere satisfied. 

The procedure for sound radiation in a gas is like that 
for electric radiation: to assume an elementary wave 
pulse having a certain distribution of rate of flow; thence 
to find the distributions of particle velocity and excess | 
pressure, and finally to show that the remaining funda- 
mental law, Newton’s law, is everywhere satisfied. 


* Abstract of 1938 AIEE summer convention paper number 38-92, by Alan 
Hazeltine (F’35), which will be published in full in TRANSACTIONS. 
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News 


Of Tnstiture rel Related Activities 


Preliminary Plans Foretell 


Excellent Program for 1939 AIEE Winter Convention 


T. PROVIDE interest for the greatest 
number of members a broad technical pro- 
gram of current interest and two general ses- 
sions have been proposed for the 19389 ATEE 
winter convention, which will be held in 
New York, N. Y., January 23-27, with head- 
quarters in the Engineering Societies Build- 
ing. Social events are being planned for the 
evenings—a smoker, presentation cere- 
monies for the Edison and John Fritz med- 
als, and a dinner-dance. In addition, in- 
spection trips will be arranged to a number 
of places of interest in the city and its en- 
virons. As in the past two years, an all- 
expense post-convention trip to Bermuda 
also is being planned. 

One of the general sessions will deal with 
economic and social problems, which have 
proved to be of great interest to electrical 
engineers. Arrangements have been made 
for an address ‘“‘Enterprise and Social Prog- 
ress’ to be given by Virgil Jordan, presi- 
dent, National Industrial Conference Board, 
Inc. Plans for the second general session 
have not been completed, but negotiations 
are under way for a speaker of national re- 
pute who will address the session on a sub- 
ject of wide general interest. 


TECHNICAL SESSIONS 


As announced in the October issue, the 
technical program of the convention will in- 
clude a symposium on rating and tempera- 
ture limits of small power apparatus, which 
will be of outstanding interest to all manu- 
facturers and designers of small motors as 
well as to those who furnish the insulating 
materials and to the users of the equipment. 
Tentative plans are that this symposium 
will embrace three sessions. 

Other technical sessions that have been 
proposed embrace practically the whole 
gamut of Institute technical activities, as 
follows: electronics, protective devices, in- 
struments and measurements, power genera- 
tion, cable developments, power transmis- 
sion, switching transients, communication, 
basic sciences, research, transportation, in- 
dustrial power applications, and electric 
welding. 

Further details pertaining to the program 
will be announced in the January 1939 issue. 


VirGIL JORDAN, NoTED ECONOMIST 
TO ADDRESS GENERAL SESSION 


By both training and experience, Doctor 
Virgil Jordan is eminently qualified to speak 
on the subject ‘“Enterprise and Social Prog- 
ress.” A native (1892) of Olean, N. Y., 
he received the degree of bachelor of science 


508 


‘ 


from the College of the City of New York 
in 1912, and afterwards did postgraduate 
work in economics at the University of Wis- 
consin, Columbia University, and foreign 
universities. He taught economics at the 
University of Wisconsin from 1912 to 1914, 
and thereafter served as associate editor and 
special writer on economic and sociological 
subjects with Everybody's Magazine until 
1920. From 1920 until 1929 he was chief 
economist and editor of publications of the 
National Industrial Conference Board, but 


Virgil Jordan 


A winter-convention speaker 


in 1929 he became economist for the Mc- 
Graw-Hill publications. In December 1932 
he returned to the National Industrial Con- 
ference Board as president of that body, 
which position he still holds. 

The National Industrial Conference 
Board is a private co-operative, non-profit 
scientific institution, devoted to promoting 
the property and security of the people of 
the United States by assisting in the effec- 
tive operation and development of produc- 
tive industry. Its function is to discover, 
assemble, analyze, interpret, and dissemi- 
nate accurate, complete, and useful informa- 
tion regarding economic conditions in the 
United States and other countries. 

Doctor Jordan has made numerous con- 
tributions to the literature of his specialty 
in popular and scientific periodicals, and in 
the publications of the Conference Board. 
He is a member of the American Economic 


News 


Association and of the American Statistical 
Association, and a fellow of the Royal Eco- 
nomic Society of London, England. 


SYMPOSIUM ON APPARATUS RATINGS 
OF FAR REACHING IMPORTANCE 


With the stipulated purpose of providing 
information upon which revisions in AIEE 
standards may be based, the symposium on 
ratings and temperature limits of small 
power apparatus is expected to be of far 
reaching importance to manufacturers and 
users of such equipment. Broadly, the 
purpose of the symposium is to review the 
fundamental properties of insulating ma- 
terials on which AIEKE standard temperature 
limits are based; to discuss improved means 
of measuring temperatures, enabling these 
limits to be complied with more exactly; and 
to discuss principles of rating for both con- 
tinuous and intermittent loading conditions. 

The origin of this discussion and of the 
need for revisions in the present standards 
lies chiefly in the rapid development of the 
refrigeration and air-conditioning industries 
during the past 10 years. In these indus- 
tries, motors are used to drive compressors 
with automatic control which provides alter- 
nating on and off periods the relative dura- 
tion of which varies with the temperature 
and the load requirements. The character- 
istics of compressors require certain ratios 
of starting, accelerating, and operating 
torques, which differ materially from the 
values specified in the standards for general- 
purpose motors. These differences together 
with the intermittent- rather than continu- 
ous-duty service, have led to operating 
loads and temperatures in excess of motor 
nameplate ratings. The need is evident on 
this basis for reconsideration of the motor- 
torque ratios in the present standards, and 
for provision of operating recommendations 
for standard motors used in intermittent- 
duty applications. Another important fac- 
tor is the recent development of new insulat- 
ing materials that may have different tem- 
perature endurance from that of materials 
provided for in the present standards. 

Of the three sessions tentatively sched- 
uled, it is proposed that the first deal with 
the temperature limits of insulating ma- 
terials and include three formal papers. 
One of these would show test results taken- 
over a period of from two to three years on 
the temperature-life characteristics of class 
A insulation. (Class A insulation consists 
of cotton, silk, paper, and similar organic 
materials impregnated or immersed in oil; 
also, enamel as applied to conductors. ) 
The other two papers would deal with the 
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temperature and life characteristics of class 
A insulating materials under oil, and with 
the characteristics of fiber-glass insulation. 
Following discussion of these papers, the 
session would be resolved into an informal 
conference, and several prepared discussions 
are proposed on other phases of the subject. 
It is expected that in these informal discus- 
sions recent progress in synthetic varnishes 
and resins will be reported. Such materials 
not only play a large part in the determina- 
tion of the permissible temperature for class 
A insulation, but also are limiting features 
in the use of class B insulation, especially 
for glass. (Class B insulation consists of 
inorganic material such as mica and asbestos 
in built-up form combined with binding sub- 
stances.) Whether or not these synthetic 
materials have sufficiently longer life at 
high temperature to warrant new limits 
being set for them in the standards will be 
discussed, and it is hoped that new test pro- 
cedures and other methods of evaluation of 
life-temperature characteristics will be sug- 
gested as a result. 

A second technical session is proposed to 
cover motor-testing methods and is expected 
to include three papers. The first two 
papers would deal with methods of measur- 
ing temperatures on motors of various types, 
special attention being given to totally en- 
closed and other protected types of motors 
which so rapidly are growing in importance. 
The third paper would present a new method 


of measuring stray-load losses of polyphase 
induction motors that permits of greater 
convenience and accuracy than present com- 
mon methods. If this new test method 
proves acceptable, it is expected to be in- 
cluded in the next revision of the AIFE test 
code. Following discussions of these pa- 
pers, this session also would be resolved into 
an informal conference, at which the subject 
of the third session will be introduced by in- 
formal speakers. 

It is proposed that the third and final ses- 
sion of the symposium deal with principles 
of rating of apparatus, and include five 
papers. The first of these would give a 
broad review of the factors to be considered 
in establishing rating limits of apparatus, 
including the history of previous work in 
this field. The second would deal with the 
principles of rating of general-purpose 
motors, and propose a modified temperature- 
breakdown torque system of rating inter- 
mediate between the present temperature 
system of transformer rating and the stalling 
torque system generally employed for me- 
chanical apparatus. A third paper would 
deal with the rating and application of 
motors specifically for refrigeration and air- 
conditioning purposes. Another paper is 
proposed to deal with the rating of motors 
used on short-time duty cycles, including 
frequent starting or reversing. The final 
paper would deal with the effects of tempera- 
ture on the mechanical performance of rotat- 


ing machinery, showing some of the limita- 
tions due to bearing performance, expansion 
and contraction of insulation, and other 
factors that must be overcome before much 
higher temperatures can be employed eco- 
nomically in general industrial service. 
Further details pertaining to the program 
of this symposium will be announced later. 


WINTER-CONVENTION COMMITTEE 


The personnel of the 1989 winter-conven- 
tion committee is as follows: T. F. Barton, 
chairman; G. E. Dean, E. E. Dorting, F. M. 
Farmer, L. C. Miller, H. S, Osborne, J. H. 
Pilkington, A. L. Powell, C. S. Purnell, 
George Sutherland, and W. W. Truran. 


Medals Awarded by AWS. The Samuel 
Wylie Miller Award and the J. F. Lincoln 
Award of the American Welding Society 
were presented at the opening session of the 
1938 annual meeting of the society, October 
17. The Miller medal was presented to 
J. W. Meadowcroft, of the Edward G. Budd 
Manufacturing Company, Philadelphia, Pa. 
The Lincoln Award was made in duplicate 
to J. C. Hodge and C. R. Sadler, of The 
Babcock and Wilcox Company, New York, 
N. Y., for a joint paper entitled ‘“‘Welda- 
bility and Properties of Materials for Casing 
Strings.” 


Porti { downtown Brooklyn and New York showing the Hu 
i “oie System, the Manhattan and Brooklyn Bridges, and the downtown Ne 
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dson Avenue (Brooklyn) generating station of the Consolidated 
w York skyline in the background 
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AIEE Board of Directors 


Meets at Institute Headquarters 


Tus regular meeting of the board of di- 
rectors of the American Institute of Elec- 
trical Engineers was held at Institute head- 
quarters, New York, on October 25, 1938. 

There were present: Prestdent—John C. 
Parker, New York, N. Y. Vice-Presidents 
—F. C. Bolton, College Station, Tex.; 
Chester L. Dawes, Cambridge, Mass.; 
F. M. Farmer, New York, N. Y.; A. H. 
Lovell, Ann Arbor, Mich.; I. Melville 
Stein, Philadelphia, Pa.; Edwin D. Wood, 
Louisville, Ky. Directors—C. R. Beardsley, 
C. R. Jones, H. S. Osborne, New York, 
N. Y.; F. Ellis Johnson, Madison, Wis.; 
W. B. Kouwenhoven, Baltimore, Md.; L.R. 
Mapes, Chicago, Ill.; K. B. McEachron, 
Pittsfield, Mass.; C. A. Powel, East Pitts- 
burgh, Pa. National Secretary—H. H. 
Henline, New York, N. Y. 

Regrets were presented from Past Presi- 
dent A. M. MacCutcheon and National 
Treasurer W. I. Slichter, both out of the 
United States. 

Minutes of the board of directors meeting 
held on August 2, 1938, were approved. 

Executive committee action, as of Sep- 
tember 21, 1938, on applications was re- 
ported and confirmed, as follows: 2 appli- 
cants transferred and 1 elected to the grade 
of Fellow; 20 applicants transferred and 5 
elected to the grade of Member; 31 appli- 
cants elected to the grade of Associate; 11 
Students enrolled. 

Reports were presented and approved of 
meetings of the board of examiners held on 
September 15 and October 20, 1938; and, 
upon the recommendation of that board, the 
following actions were taken: 2 appli- 
cants were transferred to the grade of Fel- 
low; 8 applicants were elected to the grade 


of Member; 31 applicants were elected to 
the grade of Associate; 601 Students were 
enrolled. 


Monthly disbursements were reported by 
the finance committee, and approved, as 
follows: August, $17,951.13; September, 
$16,698.46; October, $25,109.51. 

A budget for the appropriation year begin- 
ning October 1, 1938, submitted by the 
finance committee, was adopted. (In- 
formation concerning the budget appears 
elsewhere in this issue.) 

Dates for previously authorized District 
meetings, selected by the District officers 
concerned, were approved as_ follows: 
April 17-19, 1939, for South West District 
meeting, Houston, Tex.; May 3-5, 1939, 
for North Eastern District meeting, Spring- 
field, Mass.; September 27-29, 1939, for 
Great Lakes District meeting, Minneapolis, 
Minn, 

Consideration was given to the paragraph 
prescribing an interval of at least six weeks 
between any two meetings, contained in the 
statement of policy to be followed in arrang- 
ing schedules of Institute meetings, which 
was adopted by the board of directors in 
April 1928. Upon the recommendation of 
the committee on planning and co-ordina- 
tion, in view of the shorter time now required 
for the preparation of papers for meetings, 
this paragraph was changed to read as fol- 
lows: 


The dates should be so arranged that there will be a 
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suitable interval between the two meetings nearest 
to each other—preferably not less than three weeks. 


To conform with the board’s action, in 
August, merging three technical committees 
into one, Section 65 of the By-laws was 


amended by the deletion of the names of ~ 


the committees on applications to iron and 
steel production, applications to mining 
work, and general power applications, and 
the addition of the name of the new com- 
mittee on industrial power applications. 
The board approved the following state- 
ment of scope of the committee on industrial 
power applications, upon the recommenda- 
tion of the technical program committee: 


Treatment of all matters in which the dominant 
factors are the applications of electric power to 
industries (exclusive of applications within the 
central station industry, power generation, trans- 
portation, marine work, electric welding, electro- 
chemistry and electrometallurgy, and illumination, 
which are functions of other designated technical 
committees), Such subjects as motor control— 
the combination of motor, control, and driven 
machine into a functioning unit, all applications to 
iron and steel production (exclusive of electric fur- 
naces) and to mining work, together with the re- 
quirements of specialized devices, materials, or 
constructions peculiar to such applications, are 
properly within the scope of this committee. 


Approval was given to a recommendation 
of the technical program committee that 
Section 93 of the By-Laws be amended, to 
reduce the present 90-day limit to one of 60 
days, for the receipt of papers for presenta- 
tion at a national meeting or convention of 
the Institute. It was understood that the 
proposed amendment will take the pre- 
scribed course for official adoption, and that 
in the meantime the technical program com- 
mittee will proceed on the basis of the re- 
vised by-law. 

Upon petition of the Muscle Shoals Sec- 
tion and the recommendation of the Sec- 
tions and finance committees, and with the 
acquiescence of the Alabama Section, the 
board authorized the transfer of Marshall 
and Madison Counties, Alabama, from the 
territory of the Alabama Section to that of 
the Muscle Shoals Section. 

Due to the transference of the engineering 
school of the University of North Carolina at 
Chapel Hill to the North Carolina State 
College at Raleigh the former University 
of North Carolina Branch of the Institute 
officially was declared terminated. 

The following board members were elected 
to serve as members of the national nominat- 
ing committee for the present year: C. R. 
Beardsley, F. M. Farmer, A. H. Lovell, 
C. A. Powel, R. W. Sorensen. A. M. Mac- 
Cutcheon was designated an alternate, and 
the president was empowered to appoint 
any additional alternates that may be re- 
quired. 

The following representatives and alter- 
nate of the Institute on the American Engi- 
neering Council assembly were appointed for 
the year beginning January 1, 1939: 

C. O. Bickelhaupt, chairman, AIEE delegation 
W. H. Harrison 
C, R. Jones 


C. E. Stephens 
H. H. Henline, alternate 


(The fifth representative, President Parker, is serv- 
ing for the administrative year of the Institute, 
August 1, 1938, to August 1, 1939) 


News 


R. E. Hellmund was appointed an Insti- 
tute representative on the standards coun- 
cil of the American Standards Association 
for the three-year term beginning January 
1, 1939, to succeed A. M. MacCutcheon, 
whose term will expire December 31, 1938. 
H. H. Henline, H. S. Osborne, and E. B. 
Paxton were appointed alternates on this 
body for the year 1939. 

Consideration was given to an invitation 
to appoint an Honorary Member of the 
Institute, if feasible, as a member of the 
board of award of the Marston gold medal, 
established by Iowa State College, through 
the generosity of Anson Marston, a former 
professor of civil engineering and dean of 
engineering of the college—the board of © 
award to consist of nine members, four 
alumni, one honorary member, each, of the 
American Society of Civil Engineers, 
American Society of Mechanical Engineers, 
American Institute of Chemical Engineers 
and AIEFE, and the dean of engineering who 
will serve as ex-officio chairman of the board; 
the first appointee of the Institute to serve 
for two years and subsequent appointees for 
four years. The board of directors ap- 
pointed Past President and Honorary Mem- 
ber Bion J. Arnold as such representative 
of the Institute, for the term of two years. 

The board accepted an invitation of the 
American Society for Testing Materials for 
the Institute to join with others in the 
formation of an American co-ordinating 
committee on corrosion and to appoint one 
representative thereon. H. S. Phelps was 
appointed the Institute’s representative. 

Other matters were discussed, reference 
to which may be found in this or future 
issues of ELECTRICAL ENGINEERING. 


John Fritz Medal for 1939 
Awarded to F. B. Jewett 


The John Fritz Gold Medal for 1939 has 
been awarded to Doctor F. B. Jewett (A’03, 
F’12) for “‘vision and leadership in science, 
and for notable achievement in the further- 
ance of industrial research and develop- 
ment in communication.’’ This medal, the 


Future AIEE Meetings 


Winter Convention 
New York, N. Y., January 23-27, 1939 


South West District Meeting 
Houston, Texas, April 17-19, 1939 


North Eastern District Meeting 
Springfield, Mass., May 3-5, 1939 


Summer and Pacific Coast Conven- 
tion (combined) 
San Francisco, Calif., June 26-30, 1939 


Great Lakes District Meeting 
Minneapolis, Minn., September 27— 
29, 1939 


Middle Eastern District Meeting 
Seranton, Pa., October 11-13, 1939 
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~ Summer-Convention Goers May See Exposition 
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EMBERS and their families attending the AIEE summer convention in San Fran- 
cisco, Calif., June 25-29, 1939, may see the results of the latest advancements in efficient and 
artistic treatment of interior and exterior areas, pools, and lagoons at the Golden Gate 


International Exposition which opens late in February 1939. 


Exposition engineers are 


already working nightly on the location and adjustment of the floodlight and other types 
of units to enhance the amazingly beautiful architectural features of the buildings and 


grounds. 


Over 12,000 kw in power will be required by the lighting alone. 


highest distinction bestowed jointly by the 
four national societies of civil, mining and 
metallurgical, mechanical, and _ electrical 
engineers of the United States for ‘‘notable 
scientific or industrial achievement,”’ will 
be presented with suitable ceremonies at 
one of the sessions of the AIEE winter con- 
vention, to be held at New York January 
23-27, 1939. 

Doctor Jewett is vice-president of the 
American Telephone and Telegraph Com- 
pany and president of Bell Telephone Labo- 
ratories, Inc., New York; he was president 
of the Institute 1922-23. A biographical 
sketch of Doctor Jewett may be found in 
the ‘‘Personals”’ section of this issue. 

Award of the John Fritz Medal is made 
not oftener than once a year, and is without 
restriction on account of nationality or sex. 
It is a memorial to the late John Fritz, a 
leader in the American iron and steel indus- 
try, to whom the first medal was awarded 
in 1902. The present board of award is 
composed of 16 members, each participating 
society having 4 representatives. AIEE 
representatives (all past presidents) on the 
board making the present award were A. W. 
Berresford (A’94, F’14), J. B. Whitehead 
(A’00, F’12), A. M. MacCutcheon (A’12, 
F’26), and W. H. Harrison (A’20, F’31). 


ASME Elects Officers. The American 
Society of Mechanical Engineers has an- 
nounced the election of the following new 
officers for 1939: president, A G. Christie, 
The Johns Hopkins University, Baltimore, 
Md.; vice-presidents, H. H. Snelling, Snelling 
and Hendricks, Washington, D. C.; W. L. 
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Dudley, Western Blower Company, Seattle, 
Wash.; Alfred Iddles, Babcock and Wilcox, 
New York, N. Y.; and J. W. Parker, The 
Detroit Edison Company, Detroit, Mich. 
Those elected to managerships of the Society 
were Clarke Freeman, Manufacturers Mu- 
tual Fire Insurance Company, Providence, 
R.I.; W.H. Winterrowd, Franklin Railway 
Supply Company, Chicago, Ill.; and W. R. 
Woolrich, University of Texas, Austin. 
The new officers will assume their duties on 
December 9, 1938. 


AIEE National and 
District Prizes for Papers 


Provision in the Institute’s 1938-89 bud- 
get has been made for cash awards to ac- 
company the national and District prizes for 
initial and Branch papers to be awarded 
during the current year, as indicated below. 

All technical papers presented before the 
Institute during the year are eligible under 
the AIEE paper prize regulations for com- 
petitive consideration for one or more of the 
established prizes, regardless of whether 
presented before a Branch meeting, a Sec- 
tion meeting, a District meeting, or a na- 
tional convention, the several classes pro- 
viding for equitable competition. With 
the exception of the prizes for Branch 
papers, both District and national prizes 
are awarded each spring for papers presented 
during the preceding calendar year. For 
Branch papers, both national and District 
prizes are awarded on the basis of the aca- 


News 


demic year, July 1 to June 30, inclusive. 
Suitable certificates accompany all awards. 

National prizes that may be awarded 
annually, and those to be accompanied by 
cash awards during the current year, are as 
follows: 


1. Best paper prizes: 


Engineering practice 
Theory and research 
Public relations and education 


2, Prize for initial paper ($100) 
3. Prize for Branch paper ($100) 


District prizes that may be awarded an- 
nually, together with the cash awards pro- 
vided for the current year, are: 


1. Prize for best paper 
2. Prize for initial paper ($25) 


3. Prize for Branch paper ($25) 

4. Prize for graduate student paper 

Although all papers presented are eligible, 
there is no provision for automatic con- 
sideration of papers, except that those ap- 
proved by the technical program committee 
and presented at national conventions or 
District meetings will be considered by the 
national prize committee for the national 
“best paper’ and the ‘‘initial paper” prizes 
without being offered formally for competi- 
tion. All other papers for which prize con- 
sideration is desired must be submitted 
specifically for that purpose, through the 
District secretary for District prizes, or 
through the national secretary’s office for 
the national prizes. 


DEADLINE DATES 


Papers to be considered for 1938 national 
prizes must be submitted not later than 
February 15, 1939. Papers to be considered 
for the District “best” and “‘initial’’? paper 
prizes must be submitted on or before 
February 15, 1939; for the District, Branch, 
and graduate student paper prizes, before 
July 15, 1939 (for papers presented during 
the academic year ending June 30, 1939). 
Those wishing further information may ob- 
tain a booklet entitled ‘‘National and Dis- 
trict Prizes’ by writing to AIEE Head- 
quarters, 33 West 39th Street, New York, 
N. Y. 


Coaxial-Cable System Changed. Tests, 
adjustments, and modifications of the two- 
megacycle coaxial-cable system between 
New York, N. Y., and Princeton, N. J., 
have been made by Bell Telephone Labora- 
tories during the last few months. Equal- 
izers and power-separation filters in all re- 
peaters were modified to obtain improved 
characteristics, and methods of obtaining 
greater precision of equalization and regu- 
lation are being studied. Satisfactory test 
conversations were held over a circuit 2,100 
miles long, which was built by looping 
conductors back and forth through the co- 
axial system a total of 20 times. This 
circuit consisted of four voice-frequency 
links in tandem. Using channels located in 
different parts of the frequency band be- 
tween 100 and 1,900 kilocycles, the con- 
versation passed through 64 steps of modu- 
lation in each direction and through each 
amplifier 20 times, giving the equivalent of 
420 amplifiers in each direction. 
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The Institute Budget for the Year 1938-39 


Tue continuance of all Institute activ- 
ities considered to be of the greatest benefit 
to the membership, and in some instances an 
enlargement of the present program, are 
provided for in the 1988-39 budget adopted 
by the board of directors at its meeting held 
on October 25, 1988. 

Upon the recommendation of the finance 
committee that a balanced budget be 
adopted, and with the knowledge that the 
total of the required appropriations for 
Institute activities slightly exceeded the 
total revenue anticipated for the correspond- 
ing period, the board voted to make avail- 
able $11,000 of the surplus of approximately 
$12,300 from the operations of the preceding 
appropriation year. This action was taken 
with the realization that certain expendi- 
tures provided for last year, amounting to 
about $5,000, have been deferred until the 
present year, and that the unusually large 


. pense. 


item for traveling expenses due to holding 
the 1939 summer convention in San Fran- 
cisco did not represent a continuing ex- 
It was felt that a curtailment of any 
service to the membership this year to off- 
set this temporary unbalance of the budget 
would not be justified. 

Other important activities, such as Insti- 
tute publications, National and District 
meetings, and Sections and Branches, have 
been appropriated for to a greater extent 
than reflected by the expenditures of the 
past year, as indicated in the accompany- 
ing budget tabulation. 

Any presentation of the Institute bud- 
get, however brief, would not.be complete 
without mention of the vital necessity for 
prompt and full realization of the expected 
revenue from membership dues, from which 
source is received more than two-thirds of 
the total income of the Institute. 


Institute Income and Expenses for Year Ending September 30, 1938, and Budget for Year 
Ending September 30, 1939 


ActualIncome Budget for Actual Income Budget for 
and Expenses, Year and Expenses, Year 
Year Ending Ending Year Ending Ending 
9-30-38 9-30-39 9-30-38 9-30-39 
Income President’s appro- 
Dues ehts..a se ee ek $193,179.99... .$199,000.00 priation.......... 106.25.... 1,500.00 
Students’ fees......... 11,922.00.... 11,500.00 Vice-presidents...... 255.84... . 500-00 
Pntranceifees...2-4.0- ) 6,730.70... | 6,000,00 Board of directors... 4,089.03... . 8,300 .00 
Transfer fees.........  1,045.00.... 1,000.00 National nominating 
Advertising........... 29,917.78.... 30,000.00 committee........ 1,062.55 1,050 .00 
ELEc. HNGGe TONS AIEE representa- a 
mem. subscriptions.. 15,021.52.... 15,000.00 tives.....-..++-5 10.05... 100.00 
TRANS. subscriptions 6,224.66.... 6,500.00 Administration: 
Miscellaneous sales... 10,406 .61.... 9,000.00 Bee oe sal- 
Badge sales........... 1,821.90.... 1,800.00 Gigte abiramae tice ee oes WSN 
Interest on securities... 9,823.38... 8,200.00 Postage... 719  4,076.52s.- + 8,800.00 
Stationery & print- 
288,000.00 ing. se 3,945 .74.. “. 3,800.00 
Transferred from last Office equipment... 441.13.... 200.00 
year’s surplus.... 11,000.00 Trav. expense, insur- 
ance, misc. sup- 
Pots ee einee eo $286,098.59... .$299,000.00 Dlies Gisehv seen ri 25095 80 sne 20.00 
eee ig C0 See Paper prizes). o03.% vests EVaL oto) See 400.00 
Joint activities: 
Expenses American Engineer- 
Publications: ing Council... .. 1£2;000060 6,000 .00 
Text matter (ELEc. American Standards 
Enco. & Trans.) . [$70,259 .87... . #$72,900.00 Assn.. 1,500.00 1,500.00 
PreprintsSijns crew <2 cr §,829.43.... 8,600.00 Engrs. Council ‘Prof. 
Advertising section.. 15,574.60.... 15,600.00 DOVebs are ators sts 850.00. 850.00 
Vear Book)..0%.@cs0. 6,482 .32.... 6,500 .00 Engg. Foundation re- 
Miscellaneous ex- search proj.: 
pense. ; 1,515.80... . 2,000.00 Pane aeaas paper 
Institute mioctiaices 13,766.39.... 14,000.00 insulatioMe ss He oa cee alele we ela lavas 250.00 
Institute Sections: Welding. . SERS OM ORC 250.00 
Appropriations...... 23,174.94.... 24,300.00 Engg. Soc. Bmploy- 
Other expenses...... 5,645.72.... 5,800 .00 ment Service..... 1,162.56.... 1,763 .00 
Institute Branches: Engg. Soc. Library... 9,689 .28.... 9,700.00 
Meetings expenses... 955.85.... 1,000.00 John Fritz Medal... 50.00... . 260.00 
Other expenses.,.... 2,089.81.... 2,400.00 United Engg. Trus- 
Committees: tees building as- 
Edison Medal...... ; 349 .96.... 200.00 sessment, ; 11,005.44... 11,000.00 
Finance.. vcaho si 1,600.00... . 1,600.00 U.S. Natl. Com. I. C. 3 300.00... . 300 .00 
Headquarters Setar S010. ss. 250.00 Miscellaneous printing, 
Membership. . 7,949 .53 8,350.00 etc... i sogatiete spend rere nien: 4,100.00 
Model registration Authors’ reprints. 1,798.71 - Baebes Sete 
Wea Wnahre states soe ne 9.48.... 600.00 Reprints of stand- 
Standards.. yosenn 5,830.98... . 7,500.00 ards. 1173583 
Technical. WSS Ole nce 250.00 L ightning Rererence 
Traveling Ha pensedt Book, Par D OA 385 .34,... 
Geo. Dist. exec. com- Miscellaneous), dante 409.63.... 
IMIELEES. 1a sot 1,954.40.... 2,500.00 Other expenses 
Section nelcratest to "Membership badges. 2,090.81 1,750.00 
summer cony.. F 4,322 .96.... 11,300.00 Text paper & eny. in 
Counselor delegates BUOFA PE sc eerste 2,397 .04. 
to summer conv... . $37 ...76.54. 1,500.00 Retirement salary.. . UZ oe OOeae ea, F 
Dist. secys. to sum- Miscellaneous....... 825.35... . 310.00 
mer conv. : Got S16 sa 1,250.00 3 
District Student con- Lotalmnwasets Vers da Oaroyiii oom se OOS ono 
ferences..........  6,480.37.... 6,500.00 
* Actual budget of $75,200.00 reduced by text paper inventory of $2,300.00 
} Actual expense $71,318.48, including paper costs paid for previously. 
O12 News 


Radio City Music Hall in New York City has 
been an attraction to those attending AIEE 
winter conventions ever since it was completed. 
This view shows the staircase in the grand foyer, 
with mirrors three stories high, and Ezra Win- 
ter'’s mural ‘‘The Fountain of Youth."’ Each of 
the two chandeliers is 29 feet long and weighs 
approximately two tons 


District 7 Award 
for Branch Paper 


Prize for Branch paper in the AIEE 
South West District has been awarded to 
Harry N. Stafford, Enrolled Student of 
Eastland, Tex., for his paper ‘‘The Effect of 
Current-Wave Distortion on Energy Meas- 
urement,’ presented at a student conven- 
tion at the University of Kansas, Manhat- 
tan, April 15, 1938. The award was made 
in accordance with the prize rules as given 
in the April 1937 issue of ELectRicAL EN- 
GINEERING, page 492. 


NRC Insulation Conference 


Held at Pittsburgh 


Bringing together dielectric experts from 
educational institutions, research labora- 
tories, electrical manufacturers, and equip- 
ment users, the conference on electrical 
insulation of the National Research Council 
division of engineering and industrial re- 
search held its eleventh annual meeting 
November 3-4, at Pittsburgh, Pa. Official 
registration totalled 111. Some 20 papers 
on a wide variety of dielectric subjects were 
presented during the three technical ses- 
sions. Brief digests of these papers are 
scheduled for inclusion in a future issue. 

Following the preliminaries at the opening 
session, J. B. Whitehead (A’00, F’12) chair- 
man of the conference since its organization, 
presented his annual report, in which he 
reviewed the work of the conference during 
the past year. He also outlined the activi- 
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Ee 1e various committees during the 
, as follows: 

nillee on Physics. The committee on physics 
d a successful meeting in Washington, D. (or 
ing the spring meeting of the American Physical 
ety. A feature of this meeting was the par- 
vation of the subcommittee on electrical meas- 
‘ments of glass of committee D-9 of the Ameri- 
Society for Testing Materials. A series of 
rts was presented on a program of comparative 
measurements of glass in the high-frequency range. 

her members presented brief informal reports on 
standing work in the general field of dielectrics, 
technical meeting was held following a dinner 


ered the Committee and its guests by Chairman 
heeler P, Davey. 


Committee on Chemistry. The outstanding activity 
of this committee was the arrangement and con- 
ucting of a symposium on electrical insulating ma- 
terials under joint auspices with the industrial and 
engineering division of the American Chemical 
ociety, September 8, during the fall meeting of the 
Society in Milwaukee, Wis. (A report of this 
meeting was published in the October issue of 
ELECTRICAL ENGINEERING, pages 426-7; an ad- 
dress by F. M. Clark (A’24) “A Chemical Approach 
to the Problem of High Voltage Dielectrics’? which 
was presented at a dinner session of that meeting, 
may be found elsewhere in this issue.) Chairman 
F. L. Miller of the committee has other plans for 
further extending its usefulness. 


Commitlee on Monographs. This committee has 
been very active in forwarding the production of a 


Marx G the culmination of five 

years of existence, the Engineers’ Council 
_ for Professional Development held its sixth 
- annual meeting in New York, N. Y., October 
21-22, 1938. Included in the program were 
the election of officers and appointment of 
committees, presentation of annual reports 
by the chairman and committees, and a 
dinner meeting at which informal talks were 
given by ECPD officers and others. 

A joint organization, ECPD is composed 
of representatives of the sponsoring socie- 
ties, of which the AIEE is one; the others 
are the national societies of civil, mechani- 
cal, mining and metallurgical, and chemical 
engineers, the Society for the Promotion of 
Engineering Education, and the National 
Council of State Boards of Engineering 
Examiners. Its purpose is to enhance the 
professional status of the engineer. Its 
initial project has been the development of 
the young engineer, and this has been car- 
ried on through the efforts of four commit- 
tees dealing with four stages in the evolution 
of the young engineer: student selection and 
guidance; engineering schools, professional 
training, and professional recognition. 


A CONTINUING, PERMANENT AGENCY 


In his annual report, Chairman C. F. 
Scott (A’92, F’25, HM’29) emphasized the 
idea of ECPD as a continuing, permanent 
agency. ‘In the first five years,’’ he said, 
‘“we have been pioneering . . . in objectives, 
in co-operation, in scope, in method, and in 
results. Engineering groups have con- 
cerned themselves primarily with techno- 
logical progress; through ECPD they now 
stress development of the individual engi- 
neer....ECPD is...both exploratory and 
promotional. It proposes measures and, 


DECEMBER 1938 


voluminous work on “The Electrochemistry of Di- 
electrics,” by Glockler and Lind, originally planned 
as a monograph for the series published under the 
auspices of the conference. This work assumed 
such large proportions as to indicate the advis- 
ability of independent publication, Other mono- 
graphs in view are “The Mapping of Electric 
Fields,” by Ernst Weber (A’31, F’84), and ‘Solid 
Dielectrics” by S. O, Morgan and associates, 


In accordance with his usual custom, 


‘Chairman Whitehead also included in his 


report a brief review of important contribu- 
tions made during the past year to experi- 
mental research in the field of dielectrics 
and insulation; full text of that portion of 
his report is scheduled for publication in an 
early issue of ELECTRICAL ENGINEERING. 

In addition to the technical sessions, the 
meeting included also the annual dinner 
followed by an evening session during which 
an address ‘‘A Simple Derivation of the 
Maxwell-Boltzmann Law” was delivered by 
Doctor E. U. Condon of the Westinghouse 
research laboratories. The meeting sched- 
ule included also inspection trips to nearby 
points of interest. The 1939 meeting of the 
conference will be held at Harvard Univer- 
sity, Cambridge, Mass., the date to be se- 
lected later. 


Additional Curricula Accredited 
at Sixth Annual Meeting of ECPD 


on approval, administers them primarily 
‘through the co-operative support’ of the 
constituent organizations.” 

Speaking of the accomplishments of 
ECPD committees, Chairman Scott said: 
“Accrediting in engineering schools is ac- 
claimed as the great achievement of 
ECPD.” He characterized as a major 
problem the qualification of advisors, par- 
ticularly high school staffs and local engi- 
neers, in the selection of the best qualified 
students for engineering courses. In an- 
swer to the question “After graduation— 
what?” Chairman Scott called attention to 
the great opportunity of the engineering 
societies to serve the profession by assisting 
the young engineer to continue his profes- 
sional training after graduation looking 
toward the goal of ‘‘professional recogni- 
tion.”’ 

‘All this pioneering,” Chairman Scott 
continued ‘‘proves that our projects are 
valuable, and continuing, and enlarging. 
In accrediting, our printed lists are not the 
end of the road, but the first milestone on a 
new highway. In a changing world, engi- 
neering must change, and our projects open 
a vision showing ways in which engineering 


can be made continuously better. If 
progressive engineering is basic to progres- 
sive civilization, our projects merit our full 
support through adequate organization and 
ample funds,” 


Mayor Commirrrrs Report 


Most significant of the reports presented 
and acted upon at this meeting was that of 
the committee on engineering schools. In 
approving the report of this committee, 
which was presented by its chairman, Karl 
T. Compton (F’31), ECPD expanded its 
list of accredited engineering curricula to 
include a total of 472 courses in 112 educa- 
tional institutions throughout the country. 
The complete list, together with an outline 
of the basis of accrediting, is given in the 
excerpts from the report of this committee 
appearing elsewhere in this issue. 

After outlining the direction of effort of 
the committee on selection and guidance of 
engineering students, R. L. Sackett, chair- 
man, briefly described the various ways in 
which the guidance problem is being at- 
tacked. He also reported on the extent of 
distribution of the booklet “Engineering: A 
Career—A Culture,” reporting that about 
18,000 copies had been sold since October 
1937. Since only 25,000 copies remain in 
stock, he recommended that provision be 
made for early editorial review, publication, 
and more aggressive distribution of a revised 
and enlarged edition of this booklet. Chair- 
man Sackett’s report aroused considerable 
discussion, at the conclusion of which it was 
voted that an amount not to exceed $200 be 
allowed the committee for preparation of a 
manuscript for a revised booklet, to be sub- 
mitted to ECPD for approval. 

Following a restatement of the objective 
of the committee on professional training 
and a review of its past accomplishments, 
Chairman O. W. Eshbach of this committee 
presented a summary of committee activi- 
ties during the year 1937-388. He reported 
that of the 2,000 copies of the pamphlet 
“Suggestions to Juniors and General Read- 
ing List’’ all but about 100 copies had been 
distributed; of the 2,000 copies of ‘Selected 
Bibliography of Engineering Subjects,” 
between 500 and 700 copies of each of the 
various sections remain in stock; and ap- 
proximately 1,000 copies of the pamphlet 
“University Extension Facilities,’ of the 
2,000 printed, are still on hand. To clarify 
future plans of the committee, Chairman 
Eshbach reviewed the essential elements of 
professional development or training and 
briefly discussed problems that might be 
considered as fruitful fields of study. 
“There is a need to know more about the 
desires of youth, the influences which bring 
them into professional association, and the 
deficiencies in opportunity for them,” he 


New-Member Activity 


Thanks to you who have already helped your Section membership chair- 
man; others please send those names of prospective members at an early 


date. 


National Membership Committee 
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List of Undergraduate Curricula of Educational Institutions Accredited by ECPD 
(As of October 22, 1938, and subject to continual revision) 


University of Alabama: Aeronautical, Harvard University (e): Civil, com- Montana School of Mines: Geologi- 
civil, electrical, industrial, mechanical, munication, electrical, industrial (en- cal, metallurgical, mining 
mining gineering and business administra- ah ee : 
A . : eee tion), mechanical, metallurgical eee ph reueeee Civil, elec 
Chea We einai Civil, elec- (physical metallurgy), sanitary rical, mechanica 
trical, mechanical, mining i \ d 
A Howard University: Civil, electrical, University of Nebraska: Agricultural 
University of Arkansas: Civil, elec- eee (f), architectural, civil, electrical, 
trical, mechanical mechanical 
F University of Idaho: Civil, electrical, ¥ ? 
Armour Institute of Choice SeenaEnen metallurgical  (metal- Mae of Nevada: Electrical, me- 
Chemical, civil, electrical, mechanica lurgy), mining chanical, mining 
Brooklyn Polytechnic eee (a) University of Illinois: Architectural, beeee cieee? of OLR rie gaa Civil, 
Chemical, civil, electrical, mechanica ceramic (technical option), chemical, electrical, mechanica 
Brown University: Civil, electrical, civil, electrical, general (¢), mechani- University of New Mexico: Civil, 
mechanical cal, metallurgical, mining electrical, mechanical 
Bucknell University: Civil, electrical | Iowa State College: Agricultural (f), New Mexico State College: Civil, 
i k ae, architectural, chemical, civil, elec- electrical, mechanical 
University of California: Civil, elec- trical, general (e), mechanical f ; f 
trical, mechanical, metallurgical ‘ : : New York University: Aeronautical, 
(metallurgy), mining, petroleum State University of Towa: Chemical, chemical (a), civil (a), electrical (a), 
civil, electrical, mechanical mechanical (a) 
California Institute of Technology: j ; : a 
Aeronautical (6-year course), chemical Johns Hopkins University: Civil, New York State College of Ceramics 
(5-year course), civil, electrical, me- electrical, mechanical (at Alfred University): Ceramic 
chanical University of Kansas: Architectural, | Newark College of Engineering: Civil, 


Carnegie Institute of Technology: 
Chemical, civil (a), electrical (a), 
industrial (management) (a), mechani- 
cal (a), metallurgical (a) 

Case School of Applied Science: 
Chemical, civil, electrical, mechanical, 
metallurgical 

Catholic University of America: Aero- 
nautical, architectural, civil, electrical, 
mechanical 

University of Cincinnati: Aeronauti- 
cal, chemical, civil, electrical, me- 
chanical 


The Citadel: Civil 


Clarkson College of Technology: 
Chemical, civil, electrical, mechanical 


Clemson Agricultural College: Civil, 


electrical, mechanical 


College of the City of New York (a): 
Civil, electrical, mechanical 


University of Colorado: Architectural, 
civil, electrical, mechanical 


Colorado School of Mines: Geologi- 
cal, metallurgical, mining, petroleum 


Colorado State College: Civil, elec- 
trical, mechanical 
Columbia University (b): Chemical, 


civil, electrical, industrial, mechanical, 
metallurgical, mining 


Cooper Union Institute of Technology 
(c): Civil, electrical, mechanical 


Cornell University: Chemical, civil, 
electrical, industrial (administrative), 
mechanical 


Dartmouth College: Civil 


University of Delaware: Civil, elec- 


trical, mechanical 


Aeronautical, 
electrical, me- 


University of Detroit: 
architectural, civil, 
chanical 


Drexel Institute: Chemical, civil, elec- 
trical, mechanical 


Duke University: 
mechanical 


Civil, electrical, 


University of Florida: Civil, electrical, 


industrial, mechanical 


Georgia School of Technology: Aero- 
nautical, chemical (excluding co-opera- 
tive curriculum), civil, electrical, me- 
chanical 


civil, electrical, mechanical, mining 


Kansas State College: 
(f), architectural, civil, 
mechanical 


Agricultural 
electrical, 


University of Kentucky: Civil, metal- 


lurgical, mining 


Lafayette College: Civil, electrical, 
industrial (administrative), mechani- 
cal, metallurgical, mining 


Lehigh University: Chemical, civil, 
electrical, industrial, mechanical, met- 
allurgical, mining 


Louisiana State University: Civil, 
electrical, mechanical, petroleum 


University of Louisville: Chemical, 


civil, electrical, mechanical 


University of Maine: Civil, electrical, 
general (e), mechanical 


Marquette University: Civil, electri- 


cal, mechanical 


University of Maryland: Civil, elec- 


trical, mechanical 


Massachusetts Institute of Technol- 
ogy: Aeronautical, building engi- 
neering and construction, chemical, 
civil, electrical, electrochemical, gen- 
eral (e), industrial (business and engi- 
neering administration), mechanical, 
metallurgical (metallurgy), mining 
naval architecture and marine engi- 
neering, public health, sanitary 


University of Michigan: Aeronauti- 
cal, chemical, civil, electrical, engi- 
neering mechanics, mechanical, metal- 
lurgical, naval architecture and marine 
engineering, transportation 


Michigan College of Mining and Tech- 


nology: Civil, electrical, mechanical, 
metallurgical, mining 

Michigan State College: Civil, elec- 
trical, mechanical 

University of Minnesota: Aeronauti- 


cal, chemical, civil, electrical, mechani- 
eal, metallurgical, mining (excluding 
mining in geology option), petroleum 
University of Missouri: Civil, elec- 
trical, mechanical 


Missouri School of Mines and Metal- 
lurgy: Ceramic, civil, electrical, 
metallurgical, mining (mine) (exclud- 
ing mining geology option) 


electrical, mechanical 


North Carolina State College: Ce- 
ramic, civil, electrical, mechanical 


University of North Dakota: Civil, 
electrical, mechanical, mining 
Northwestern University: Civil, elec- 


trical, mechanical 


Norwich University: Civil, electrical 


Ohio State University: Ceramic, 
chemical, civil, electrical, industrial, 
mechanical, metallurgical, mining 
(mine) 

University of Oklahoma: Architec- 
tural, civil, electrical, mechanical, 


petroleum (production option) 


Oklahoma Agricultural and Mechani- 
cal College: Civil, electrical, indus- 
trial, mechanical 


Oregon State College: Civil (exclud- 
ing business option), electrical (ex- 
cluding business option), mechanical 
(excluding business option) 


University of Pennsylvania: Chemi- 


cal, civil, electrical, mechanical 


Pennsylvania State College: Archi- 
tectural, ceramic (ceramics), chemical, 
civil, electrical, electrochemical, fuel 
technology, industrial, mechanical, 
metallurgical (metallurgy), mining, 
petroleum and natural gas, sanitary 


University of Pittsburgh: Chemical, 
civil, electrical, industrial, mechani- 
cal, metallurgical, mining, petroleum 


Princeton University: Chemical, civil, 
electrical, mechanical 


Purdue University: 


Chemical, civil, 
electrical, mechanical ss 


Rensselaer Polytechnic Institute: 
Aeronautical, chemical, civil, electri- 
cal, industrial, mechanical, metallurgi- 
cal 


Rhode Island State College: 
electrical, mechanical 


Civil, 


Rice Institute: 
chanical 


Civil, electrical, me- 


Mechanical 


Civil, 


University of Rochester: 


Rose Polytechnic Institute: 
electrical, mechanical 


Rutgers University: 
mechanical, sanitary 


Civil, electrical, 


University of Santa Clara: Civil, 
electrical, mechanical 
South Dakota State College: Civil 


electrical, mechanical 


South Dakota State School of Mines: 
Civil, electrical, metallurgical, mining 
University of Southern California: 
Petroleum 

Stanford University: Civil, electrical, 
mechanical, metallurgical, mining, pe- 
troleum , 
Stevens Institute of Technology (e) : 
General 


Swarthmore College: 
mechanical 


Civil, electrical, 


Syracuse University: Civil, electrical, 
industrial (administrative), mechani- 
cal 


University of Tennessee: Civil, elec- 


trical, mechanical 


University of Texas: Architectural, 
civil, electrical, mechanical, petroleum 
(petroleum production) 


Agricultural and Mechanical College 
of Texas: Civil, electrical, mechani- 
cal, petroleum 


Texas Technological College: 
electrical, mechanical 


Tufts College: 
chanical 


Civil 
Civil, electrical, me- 
Civil, 


Tulane University of Louisiana: 
electrical, mechanical 


Union College: Civil, electrical 


University of Utah: Civil, electrical, 
mechanical, metallurgical, mining 


Utah State Agricultural College: Civil 


University of Vermont: Electrical 


University of Virginia: Civil, electri- 


cal, mechanical 


Virginia Military Institute: Civil, 


electrical 


Virginia Polytechnic Institute: Ce- 
ramic, chemical, civil, electrical, indus- 
trial, mechanical 


Washington University: Architectural 
civil, electrical, industrial (administra- 
tive), mechanical 


University of Washington: Aeronauti- 
cal, ceramic, chemical, civil, electrical, 
mechanical, metallurgical, mining 


State College of Washington: Archi- 
tectural, civil, electrical (basic and 
hydroelectric, options), mechanical 
(basic option), metallurgical, mining 
(excluding mine administration and 
petroleum engineering option) 


Webb Institute of Naval Architecture: 
Naval architecture and marine engi- 
neering 


West Virginia University: Civil, elec- 
trical, mechanical, mining 
University of Wisconsin: Chemical, 


civil, electrical, mechanical, metallur- 
gical, mining 

Worcester Polytechnic Institute: 
Civil, electrical, mechanical 


Yale University: Chemical, civil, elec- 
trical, mechanical, metallurgical 
(metallurgy) 


(a). Accrediting applies to both the day and even- 


ing curricula. 


(6). Accrediting applies to the 4-year and 5-year 
curricula leading to the bachelor of science degree. 


(c). Accrediting applies to day curriculum only. 
Action on evening curriculum deferred pending 


granting of degrees. 


(d). Accrediting applies only to curriculum as sub- 
mitted to ECPD and upon completion of which a 
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certificate is issued by Harvard University certify- (f). 
ing that the student has pursued such a curriculum. 
(e). The accrediting of a curriculum in general 
engineering implies satisfactory training in engi- 
neering sciences and in the basic subjects pertaining 
to several fields of engineering; it does not imply 
the accrediting, as separate curricula, of those com- 
ponent portions of the curriculum such as civil, 
mechanical, or electrical engineering that are usually 
offered as complete professional curricula leading to 
degrees in these particular fields. 


fold: 


News 


‘ All accredited curricula in agricultura] engi- 
neering have been provisionally accredited for a 
period of two years. 


The reason for this is two- 


First it appears to ECPD that the final year 
of the four-year program fails to build adequately 
upon the engineering basis laid in the first three 
years; secondly, it seems to ECPD that such cur- 
ricula might better be given as options under one of 
the major engineering branches (i. e., civil, electri- 
cal, or mechanical engineering). 


ELECTRICAL ENGINEERING 


sa “At the same time, however, it is 
important to bring about unity in thinking 
on the part of those locally responsible for 
professional activities. Opinion should 
crystallize or grow out of experience with 

practical field situations. The committee, 
_ therefore, recommends that before it under- 
takes any further major activities a joint 
study be made, through the educational 
committees and Section chairmen of the 
several societies. This investigation should 
ascertain: (1) the nature of present activi- 
ties, (2) the facilities available for them, (3) 
the manner in which they are sponsored and 
promoted, (4) the response to them. The 
report should attempt to crystallize opinion 
asto: (1) further policy (2) fields of activity 
of the several educational committees (3) 
means of co-ordination with local educa- 
tional institutions and, if necessary, be- 
tween societies (4) more effective ways of 
increasing membership.’”’ As future studies 
that might be undertaken if the required 
financial support could be obtained, Mr. 
Eshbach cited graduate study, opportuni- 
ties for engineers, culture, co-operative 
education, and self-education. 

A progress report of the committee on pro- 
fessional recognition was presented by J. W. 
Barker (M’26, F’30) member of this com- 
mittee. He first reported what had been 
accomplished toward revision of the ‘‘Model 
Law for the Registration of Professional 
Engineers and Land Surveyors.’’ He ex- 
_ plained that the committee was concerned 
_ with uniformity in engineers registration 

laws, and not with the philosophy of regis- 

tration. A voluminous collection of infor- 

- mation concerning the methods of profes- 
sional recognition used in other professions 
is being duplicated so that the committee 
ean study it with a view toward later report 
and recommendation. 


ECPD Officers Elected 
and Committees Appointed 


As its chairman for the ensuing year, 
ECPD elected J. P. H. Perry, vice-presi- 
dent, Turner Construction Company, New 
York, N. Y. For vice-chairman, R. E. 
Doherty (A’16, M’27) president, Carnegie 
Institute of Technology, Pittsburgh, Pa., 
was named. S. L. Tyler, secretary, Ameri- 
can Institute of Chemical Engineers, New 
York, N. Y., was elected secretary of 
ECPD; and C. E. Davies, secretary, The 
American Society of Mechanical Engineers, 
New York, N. Y., was re-elected assistant 
secretary. Chairmen of three committees 
were reappointed as follows: R. L. Sackett, 
student selection and guidance; Karl T. 
Compton (F’31) engineering schools; and 
O. W. Eshbach (A’17, F’37) professional 
training. C.F. Scott, retiring ECPD chair- 
man, was appointed chairman of the com- 
mittee on professional recognition. 

Upon recommendation of the retiring 
executive committee, the following were re- 
appointed to the executive committee for 
the ensuing year: C. F. Hirshfeld (A’05, 
F’36) representing The American Society of 
Mechanical Engineers [A. R. Stevenson, Jr. 
(A’20, F’37) alternate]; L. W. W. Morrow 
(A’13, F’25) representing the AIEE; H. C. 
Parmelee, representing the American Insti- 
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tute of Chemical Engineers; and D. B, 
Steinman, representing the National Coun- 
cil of State Boards of Engineering Ex- 
aminers. Members newly elected to the 
executive committee were: FE. R. Needles, 
representing the American Society of Civil 
Engineers; G. B. Waterhouse, representing 
the American Institute of Mining and 
Metallurgical Engineers; and R. BE, Doherty 
(A’16, M’27) representing the Society for 
the Promotion of Engineering Education 
(Doctor Doherty was an alternate during 
1937-88). 

Appointments of the following representa- 
tives by the various societies for the three- 
year term 1938-41 were announced: ASCE, 
E. R. Needles (reappointment); AIME, G. 
B. Waterhouse (reappointment); ASME, 
H. T. Woolson; AIEE, J. F. Fairman 
(A’20, F’85); AIChE, W. N. Jones (re- 
appointment); SPEE, C. C. Williams; and 
NCSBEE, N. W. Dougherty. 


Report of ECPD Committee 
on Engineering Schools 


In presenting the report of the ECPD 
committee on engineering schools, Chairman 
Karl T. Compton (F’31) restated the gen- 
eral objective of the committee and briefly 
reviewed the accomplishments of previous 
years. He said that at the end of 1937 
(EE Nov. ’37, p. 1418) 626 curricula at 129 
institutions had been inspected, and final 
action taken on 617 curricula. Concerning 
activities during the current year, Chairman 
Compton said that “further material prog- 
ress can be reported.’’ He submitted rec- 
ommendations on 62 additional curricula 
involving 6 institutions submitting curricula 
for the first time. Among those reinspected 
were 22 curricula previously accorded term 
accrediting, and 7 curricula initially not ac- 
credited. Including the additional cur- 
ricula formally accredited by approval of 
this report, the current list includes 472 
accredited undergraduate curricula at 112 
institutions (see accompanying tabulation). 


BasIS FOR ACCREDITING 
ENGINEERING COLLEGES 


The following statement, proposed by the 
committee on engineering schools and ap- 
proved by ECPD and by the constituent 
member organizations, embodies the prin- 
ciples in accordance with which accrediting 
is conducted. 


I. Purpose of accrediting shall be to iden- 
tify those institutions which offer profes- 
sional curricula in engineering worthy of 
recognition as such. 


Il. Accrediting shall apply only to those 
curricula which lead to degrees. 


Ill. Both undergraduate and graduate 
curricula shall be accredited. (Accrediting 
program at present embraces undergraduate 
curricula only.) 


IV. Curricula in each institution shall be 
accredited individually. For this purpose, 
the ECPD will recognize the six major 
cutricula: chemical, civil, electrical, me- 
chanical, metallurgical, and mining engi- 
neering—represented in its own organiza- 
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tion, and such other curricula as are war- 
ranted by the educational and industrial 


.conditions pertaining to them. 


V. Curricula shall be accredited on the 


basis of both qualitative and quantitative 
criteria, 


VI. Qualitative criteria shall be evaluated 
through visits of inspection by a committee 
or committees of qualified individuals repre- 
senting the ECPD,. 


VII. Quantitative criteria shall be evalu- 
ated through data secured from catalogs 
and other publications, and from question- 
naires, 


VIII. Qualitative criteria shall include the 
following: 


1, Qualifications, experience, intellectual interests, 
attainments, and professional productivity of mem- 
bers of the faculty. 


2. Standards and quality of instruction: (a) in the 
engineering departments; (b) in the scientific and 
other co-operating departments in which engineer- 
ing students receive instruction. 


3. Scholastic work of students. 


4. Records of graduates both in graduate study 
and in practice. 


5. Attitude and policy of administration toward 
its engineering division and toward teaching, re- 
search, and scholarly production. 


IX. Quantitative criteria shall include the 
following: 


1. Auspices, control, and organization of the insti- 
tution and of the engineering division. 


2. Curricula offered and degrees conferred. 


3. Age of the institution and of the individual 
curricula, 


4. Basis of and requirements for admission of 
students. 


5. Number of students enrolled: (a) in the engi- 
neering college or division as a whole; (b) in the 
individual curricula, 


6. Graduation requirements, 
7. Teaching staff and teaching loads. 


8. Physical facilities—the educational plant de- 
voted to engineering education. 


9. Finances: Investments, expenditures, sources 


of income. 


Information supplied by means of the 
questionnaire, or otherwise, is for the con- 
fidential use of the ECPD and its agents and 
will not be disclosed without the specific 
written authorization of the institution con- 
cerned. 

Commenting further on current progress, 
Chairman Compton said: ‘An important 
activity of the committee during the year 
has been the giving of advisory service to 
institutions which have had curricula not 
accredited, or at which curricula have been 
accredited for a limited term. In the case 
of seven curricula, the advisory service 
culminated in formal reconsideration. In 
other cases, although many suggested im- 
provements have been made, the institu- 
tions are still unprepared to submit cur- 
ricula for reinspection. 

“During the year the committee has 
focused attention on plans for assuring the 
continuation of the accrediting program... 
Encouraging progress was made both in the 
direction of evolving a suitable plan for re- 
inspection and review, and in the direction 
also of obtaining assurance of support from 
institutions.” 

Chairman Compton then outlined the 
extent of tasks remaining for the committee, 
and discussed some of the problems involved 
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in accrediting. Concerning the standards 


of accrediting, he said: “It has been noted _ 


that the committee has adhered rigidly to 
the policy that it should set no fixed stand- 
ards for use as yardsticks in measuring the 
quality of engineering instruction. On the 
contrary, institutions and curricula are 
judged on broad, general grounds, rather 
than on details, and each institution is ap- 
praised in the light of local conditions. The 
committee strongly believes that there 
should be no rigid ‘norm’ for engineering 
education, and that institutions should be 
accorded wide latitude to decide for them- 
selves upon educational policies. 

“One principle is insisted upon, however, 
namely, that if any curriculum omits some 
portion of a subject in which engineers in 
that field are expected by the public to have 
competence, under such conditions the com- 
mittee considers it a necessary safeguard to 
the public that the curriculum be not ac- 
credited. 

“A direct source of gratification is the way 
in which institutions have been able to bene- 
fit from accrediting. Almost without ex- 
ception the committees of inspection have 
been asked for suggestions and advice. A 
sincere effort has been made to meet these 
requests, and each committee of inspection 
conscientiously endeavors to notice ways 
along which efforts toward improvement 
might advantageously be directed. The 
appreciative comments and letters received, 
and the way in which suggestions have been 
acted upon speak for the success attained, 
in spite of some failures to do all that might 
have been done had time been adequate and 
human performance perfect. In addition, 
many institutions are using the list as a basis 
for admission to the engineering school of 
students transferring from other institu- 
tions, 

“Another valuable feature of ECPD ac- 
crediting is the way in which it has elimi- 


nated multiplicity of accrediting in the field 
of engineering education. 
not formally connected with ECPD have 
gratefully accepted the accredited list and 
during the past year notable success of the 
accrediting program was evidence in the un- 
reserved endorsement of the list by the 


Several agencies 


National Council of State Boards of Engi- 
neering Examiners. Thus one of the major 
objectives of the program has been met.” 

Chairman Compton concluded his report 
with an outline of major future activities for 
the committee and a summary of the com- 
mittee’s finances. 


National Defense Power Committee 
Announces Standards for Turbine Generators 


Accorpinc to an official release from 
the War Department, the National Defense 
Power Committee approved November 14 
the report of its subcommittee on standardi- 
zation establishing, for the first time in the 
history of the electrical industry, preferred 
standards for steam turbine-generators of 
10,000 kilowatts rating and above with a 
view to expediting the production and re- 
ducing the costs of such equipment. The 
adoption of these standards is expected ma- 
terially to accelerate the construction and 
erection of generating stations to provide 
additional supplies of electric energy. The 
committee is considering similar determina- 
tions for generators of smaller ratings. 
Definite standards of pressure, tempera- 
ture, voltage, power factor, and other 
technical features, are provided for nine 
sizes of condensing turbines, ranging from 
10,000 to 100,000 kilowatts and for eight 
sizes of superposed turbines ranging from 
10,000 to 60,000 kilowatts. In the past, 
turbines and generators of these large ca- 
pacities have been chiefly ‘‘tailor-made 
jobs” built to order on special designs pre- 
pared by utility engineers. This has meant 
the expenditure of a large amount of time on 


engineering and design for each machine and 
in large part has prevented the adoption of 
quantity methods of production. 

The subcommittee on standardization, of 
which Commissioner Basil Manly of the 
Federal Power Commission is chairman, 
while establishing these preferred standards, 
states that it ‘‘has been careful in its report 
to provide sufficient latitude for the modifi- 
cation of the standards to meet the special 
conditions arising in connection with the 
installation of new equipment in existing 
plants or where unusual physical conditions 
must be met. Provision also is made for 
the consideration of technical advances in 
the art. But in every case where deviation 
from the preferred standards is suggested, 
the burden of proof will be upon the utility 
or manufacturer proposing such deviation. 
The committee states that at all times it will 
welcome constructive suggestions from the 
industry. 

These provisions are emphasized in the 
technical report prepared for the subcom- 
mittee by Dr. John C. Parker, president of 
the American Institute of Electrical Engi- 
neers and vice-president of the Consolidated 
Edison Company, representing the utilities; 
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(degcF) sats .anert- PED awh teh free Cl SZ mpeinace tenes S20 che Arde ares 900 Ses icten aes QOO ire crete 900 mek Cat na O00 arrose 900 900 
Bul Numberof-exse p04 Tye pe eh EE OE TE ea aa ae ae enna 

traction open- 

INESe ee c Nes ee a cieee ROR AES Tee nw ae Otadherr apse ate Sik kee Ros sO Sige Merce va ceentiods Se ercon Oe em sae Cet micehee ten Gi ¢ Bini. eee Bierce ters eens 4 


6 Temp. at ex- 
traction open- 


ay + 10 deg { sO ehh | - { MR ae { 170/225/ \ a he pao Maes ee } ms eel: \ Sp \ 170/225/ \ 0.5 pee ee etek ies ti 
(at rated 9 290 290 290 290 290/350 290/350 \ 290/350 290/350 
output) 
7 Turbine capac- 
ity in % of kw 
SUA Si aaareot dimen e ke DG Ronee Moire ioe D2 Doh amunnie eters 125%. BBO. 5 sore 12b ioe 2 25 
8 Power factor. . 0.8.. RO. Se OS. O.8e 3, eee ee ee ge ie Se ie me dat helne. Sieigs ne pce eal Oe 
iste © Te ee i aie a al 0 Bas a eee OO Scintiee: aenO Sia eee eee 0.8 
COON Ss. was ao AE 2 ee ay os ha AA Bee ALI ach Mica s caer Air....Air or hydrogen ...Hydrogen..... Hydrogen..... Hydrogen..... Hydrogen 


General: All sizes—back pressure 1 inch or 11/2 inch mercury absolute; short-circuit ratio 0.9; generator voltage 13,800*; excitation voltage 250 


* 11, 11.5, 12, 13.2, or 14.4 kv may be {furnished if required to meet the needs of an existing system. 


Table Il. Superposed Turbines 
TORE Rating a (cw) ieee TOTO} coca cect AOUG Sninyon on UENO, o stc mow 20,000 25 a: 
oy nang oe OU tacctoneer err t or 25 OOO eee. centre 30,000 m.cenee cman eb 0000 aan nee eee 60,000 
in % of kwrating..... OA kort AL Dil oreseetegaioseerecers LN neers tae eae aay 
12 Power factor.........0.8. 0.8. 0.8 ies OES ere AAS tee bare oT eae oe A ee ae b8 Se A ane je tags 
13 Generator cooling..... AIG seer ALD ac annie ear ALU cis eek CALE Oe Air or hydrogen....... Hydrogen, ; ; : k Siiycrocest ! ; ba St 
General: All sizes—3,600 rpm; throttle pressure and temperature 1,250 pounds per square inch gauge, 925 degrees fahrenheit; back pressure 200-300 pounds 


per square inch gauge; short-circuit ratio 0.9; generator voltage 13,800*; excitation volta 
9; ge ) , ; @ e 250. 
* 11, 11.5, 12, 13.2, or 14.4 kv may be furnished if required to meet the needs of an Beane system 
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1 pute Meetings 
| of Other Societies 


American Association for the Advancement 
of Science. Winter meeting, December 
27-31, Richmond, Va. 


American Institute of Mining and Metal- 
lurgical Engineers. Annual meeting, Feb- 
ruary 13-16, 1989, New York, N. Y. 


_ American Physical Society. 224th meeting, 
December, Los Angeles, Calif. 


December 27-29, 


40th annual meeting, 
Washington, D, C. 


American Society of Civil Engineers. 
Annual meeting, January 18-20, New York, 
IN 


American Society of Heating and Venti- 
lating Engineers. 1939 annual meeting, 
January 23-26, Pittsburgh, Pa. 


American Society of Mechanical Engineers. 


Spring meeting, February 23-25, 1939, 
New Orleans, La. 
Machine and tool progress exhibition. 


March 14-18, 1939, Detroit, Mich. 


American Society of Testing Materials. 
Committee week, March 6-10, 1939, 
Columbus, Ohio 


1939 annual meeting, June 26-30, Atlantic 
EityiN. J. 


National Electrical Manufacturers Associa- 
tion. Midwinter conterence, February 5-11, 
1939, New York, N. Y. 


Society of Automotive Engineers. Annual 
meeting, January 9-13, 1939, Detroit, 
Mich. 


C. S. Coggeshall, sales 
bine department of the General Electric 
Company, representing the electrical equip- 


manager, tur- 


ment manufacturers, and Thomas R. 
Tate, representing the National Defense 
Power Committee. This report states: 


“Your subcommittee on standardization 
of turbine-generators has held two meetings, 
one on October 20, and another on Novem- 
ber 3, at which representatives of the turbine 
generator manufacturers, utilities and the 
Government were present and co-operated 
wholeheartedly in discussing the adoption of 
preferred standards for steam turbine gener- 
ators of 10,000 kilowatts rating and above. 
The subcommittee has unanimously agreed 
upon and recommends for adoption by 
industry and the manufacturers the stand- 
ards set forth herein. 

“The immediate objective of the estab- 
lishment of preferred standards for turbine 
generators is the maximum speed of provi- 
sion of power facilities to anticipate peace- 
time requirements and to facilitate war- 
time provision of power through elimination 
of any unnecessary special designs or sizes. 
It is expected, incidentally, that the cost of 
power plant installations will be reduced 
sufficiently to compensate for any added 
economy or other advantages that might 
result from more special designs. : 

“Tt is the belief of your subcommittee 
that the advantages of preferred standards 
as here recommended for turbine-generators 
will be reflected also in such associated 
equipment as boilers and appurtenances, 
steam piping, valves, and fittings. 

“Tt is the intention that the preferred 
standards agreed upon by representatives of 
the Government, the manufacturers, and 
the utilities, will be followed in the building 
of all new generating stations and in all in- 
stallations within existing stations unless 
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interrelation with existing equipment clearly 
calls for special designs. Deviation from 
these proposed standards, if of decided ad- 
vantage to the public, or if necessitated by 
physical conditions, or by the fundamental 
purpose of rapid creation of power facilities 
for national defense, will be deemed to be 
consistent with this program. In all such 
cases the burden of clear proof rests upon 
any one proposing such deviation. 

t “Illustrative of such cases in which devia- 
tion will be deemed to be in the spirit of this 
program—but not intended to be all inclu- 
sive—are the following: 


(1) The temperature of condensing water supply 
may require turbines designed for operation with 
back-pressures higher than herein provided, 


(2) The present availability in manufacturers’ 
plants of turbine-generators well advanced in pro- 


duction points clearly to the completion and use of 
such equipment, 


(8) Duplication of a turbine-generator, not cur- 
rently discontinued by the manufacturer as an ac- 
tive design, may expedite manufacture and installa- 
tion of power facilities. 


(4) The manufacture and installation of turbine- 
generators adapted to meet essential requirements 
in existing stations may facilitate rapid creation of 
generating capacity. 


“The preferred standards are intended to 
be progressive standards and, consistently 
with the fundamental purpose of expediting 
production and installation of power-gener- 
ating equipment, are intended to permit 
technical and economic developments. To 


that end they should, at least annually, and 
as occasion seems clearly to warrant, be re- 
viewed to determine whether advances in 
the art call for specific modification.” 


Those participating in the conferences 
which resulted in the recommendations of 
preferred standards were: 


1, For the National Defense Power Committee— 
Assistant Secretary of War Louis Johnson; Federal 
Power Commissioner Basil Manly; Captain Wil- 
liam R. Winslow; Mr. Thomas R, Tate; Lieuten- 
ant-Colonel L, E. Atkins and Mr. Carl H, Giroux, 
U.S. Army; Commander K, B, Bragg, U.S. Navy. 


2, For the electrical equipment manufacturers: 
Allis-Chalmers Manufacturing Company—A, C. 
Vlory, manager, steam turbine department; R. N, 
Landreth, General Electric Company—C. S. 
Coggeshall; A, F, E. Horn; A, R, Smith, manager, 
steam turbine department; A. O. White. West- 
inghouse Electric and Manufacturing Company— 
C, A. Bercaw; C, B. Campbell, manager, turbine 
department; G, H. Cox; Ralph Kelly; C. F. 
Lloyd; R. A. McCarty, 


8. For the electric utilities; K. M. Irwin, vice- 
president in charge of engineering, Philadelphia 
Electric Company; H. B. Gear, vice-president, 
Commonwealth Edison Company of Chicago; 
Dr. John C. Parker, vice-president, Consolidated 
Edison Company of New York, Inc. 


The accompanying tables show the pre- 
ferred standards for steam turbine-gener- 
ators adopted by the National Power De- 
fense Committee’s subcommittee on stand- 
ardization, 


United engineerin iewarece Inc. 


The Joint 
Engineering Organizations 


United Engineering Trustees, Inc., one of 
the joint agencies supported and partici- 
pated in by the AIEE, was organized in 
1904 as an instrumentality of the Founder 
Societies, the four national societies of civil, 
mining and metallurgical, mechanical, and 
electrical engineers. Its purpose is the 
managing of property and funds in which 
these societies have joint interests, and it is 
governed by trustees duly appointed by the 
societies as their representatives. It main- 
tains two departments: (1) the Engineering 
Societies Library, and (2) The Engineering 
Foundation. 

The corporation (UET, Inc.) manages the 
Engineering Societies Building and all 
trust funds placed in the hands of UET, 
Inc. 

The Engineering Societies Library is a 
free public engineering library, which is 
operated for users at a distance, as well as 
for those who visit its rooms in the Engineer- 
ing Societies Building. 

The Engineering Foundation, founded by 
the late Ambrose Swasey in 1914, is en- 
trusted with the expenditure of income from 
endowment and other funds. The ultimate 
objective of Foundation is stated to be: ‘for 
the furtherance of research in science and 
engineering, or for the advancement in any 
other manner of the profession of engineer- 
ing and the good of mankind.” 

In the accompanying articles may be 
found announcements of the elections re- 
cently held by UET and The Engineering 
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Foundation, and abstracts of the annual 
reports of these organizations and of the 
Engineering Societies Library. 


Election of Officers of 
United Engineering Trustees, Inc. 


Officers to serve the United Engineering 
Trustees, Inc., for the year 1938-39 were 
elected at the recent annual meeting of 
UET. D. Robert Yarnall, chief engineer of 
the Yarnall-Waring Company, Philadel- 
phia, Pa., was re-elected president, and H. 
A, Lardner (A’94, F’13) and Albert Roberts 
were re-elected vice-presidents, Other offi- 
cers re-elected were H. R. Woodrow (A’12, 
F’23) treasurer; J. P. H. Perry, assistant 
treasurer; and John H. R. Arms, secretary 
and general manager; the first five com- 
prise the executive committee. 

Members of the board of trustees of UET 
for the year 1938-39, including both new 
and hold-over members, are: 


Terms expiring October 1939 


J. P. Hogan ASCE representative 
Albert Roberts AIME representative 
D. Robert Yarnall ASME representative 
H. P. Charlesworth (M’22, F’28, past-president) 


AIEE representative 
Terms expiring October 1940 


ASCE representative 
W. D. B. Motter, Jr. AIME representative 
Kenneth H. Condit ASME representative 
H. R. Woodrow (A’12, F’23) AIEE representative 


Otis E. Hovey 


ina 
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Terms expiring October 1941 
A. L. J. Queneau AIME representative 
F. M. Farmer (A’02, F’13, vice-president) 

AIEE representative 
Terms expiring October 1942 


Jj. 2. H. Perry 
Henry A. Lardner 


Of these, J. P. H. Perry and Henry A. 
Lardner were reappointed; all others are 
held over. The following committees were 
reappointed: 


ASCE representative 
ASME representative 


Finance: Albert Roberts, chairman; J. P. Hogan, 
H. A. Lardner, H. R. Woodrow, D. Robert Yarnall, 
ex-officio. 


Real Estate: J. P. H. Perry, chairman, A. L. J. 
Queneau, Kenneth H. Condit, H. P, Charlesworth, 
D. Robert Yarnall, ex-officio. 


Engineering Foundation 


Elects Officers 


At the recent annual meeting of The En- 
gineering Foundation, F. M. Farmer (A’02, 
F’13, vice-president) was re-elected chair- 
man for the year 1938-39, and George E. 
Beggs was elected vice-chairman. These 
two, together with A. L. J. Queneau, W. I. 
Slichter (A’00, F’12, national treasurer), 
and K. H. Condit, comprise the executive 
comnnittee. 

Other re-elections were O. E. Hovey, 
director, and John H. R. Arms, secretary. 

These officers and the executive commit- 
tee of The Engineering Foundation are 
elected by the Foundation board, from 
among its own members. The board is it- 
self elected by the board of trustees of 
United Engineering Trustees, Inc. The 
complete membership of the Engineering 
Foundation board for the year 1938-39 is: 


Term 
Name Expires 
Four Trustees of UET, Inc. 
Asda. Ts Oueneattins © center (AUC eres 1941 
Kaeo Conditen dncnne mci ss AO IM Ee tennacs 1939 
H. Py Chasrlesworthy...... + AL EOE run 1939 
OME MHOVeYan orient iaciai el ASCE Sareea: 1941 
Eight Members Nominated by Founder Societies 
George D. Barron........... AIM Bie or nis anes 1940 
George Ho Beggs 9 ae ASCES nas 1939 
Hs Colcord:t....he eect. APM eat: 1942 
ReMi armen gmat: ALE cuca ue rans 1939 
WH Palweiler oy... 6 1 ASME Serer. 1940 
EM. TeaRy der .anen cbs IASC Ea Gun 1942 
WW) Luolichter. Sis.tarts water AT OISes. nies 1940 
Albert Ba Whites..sen setae INS ODS Gap ames 1939 
Three Members-at-Large 
OPE Buckleyaese anes AVE EH yacve on. 1942 
JOHTEVCEN 41D OfG aerate AIME ... 1939 
Edwards Ry Bish v.04 us. INS OS 6 sang od 1939 


Ex-officio, President UET, Inc. 
D: Robert Varnall),..- 1. se Ao LE 


Members of the research procedure com- 
mittee as appointed or reappointed are: 


F. F. Colcord, chairman, representing The Engi- 
neering Foundation. 


Ko El Conatt, 
Foundation. 


L. W. Chubb (A’09, F’21, past director) director, 
research laboratories, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa., 
representing AIEEF, 


W. H. Fulweiler, Philadelphia, Pa., 
ASME. 


representing The Engineering 


representing 


Sam Tour, Lucius Pitkin, Inc., 
representing AIME. 


New York, N. Y., 
H. E. Wessman, New York University, New York, 
N. Y., representing ASCE. 


F. M. Farmer, ex-officio. 
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The personnel of other committees as 
appointed or reappointed at this meeting is 
as follows: 


Iron ALLOYS 


G. B. Waterhouse, chairman, professor of metal- 
lurgy, Massachusetts Institute of Technology, 
Cambridge, Mass., representing AIME. 


Lyman J. Briggs, director, National Bureau of 
Standards, represented by J. G. Thompson, chief 
of section on chemical metallurgy, National Bureau 
of Standards, Washington, D. C. 


J. W. Finch, director, United States Bureau of 
Mines, represented by R. S. Dean, chief engineer, 
Metallurgical Division, Washington, D. C. 


Table I. 


J. T. MacKenzie, metallurgist and chief chemist, 
American Cast Iron Pipe Company, Birmingham, 
Ala., representing American Foundrymen’s Asso- 
ciation. 

John Johnston, director of research, United States 
Steel Corporation, Kearny, N. J., representing 
American Iron and Steel Institute. 


Bradley Stoughton, dean of engineering, Lehigh 
University, Bethlehem, Pa., representing American 
Society for Metals. 


Jerome Strauss, vice-president, Vanadium Cor- 
poration of America, Bridgeville, Pa., representing 
American Society for Testing Materials. 


T. H. Wickenden, metallurgical engineer, Inter- 
national Nickel Company, New York, N. Y., 
representing The Society of Automotive Engineers. 


Summary of Annual Report of Finance Committee of UET, Inc. 


Operation of Building 


Operating revenue. 


-$ 163,020.71 


Less operating expenditures; . 157,834.49 
Gross operating credit. . ' 5,186.22 
Transferred to general reserve fund. 1,500.00 
Operating gain 1937-38. . ge eA 3,686.22 
Operating credit from previous years: 9,496.92 
13,183.14 

ess accounts) writtenvOnt...0. 0a ise 145.00 
Net balance September 30, 1938..... .$ 18,038.14 
Operation of Library 
Maintenance revenue......... ..8 46,707.84 
Maintenance expenditures..... 3 47,214.28 

Debit balance for year 1938..... ‘ 506.44 

Credit balance for previous year....... 6,578.67 

Credit balance September 30, 1938..... age me ie Wt | 6,072.23 
Service Bureau revenue. 8,340.00 
Service Bureau eenenditures end’ eajisancnts: 7,978.18 

Credit balance for year 1938.......... 361.82 

Credit balance from previous year. . 5,861.74 

Credit balance September 30, 1938..... 6,223.59 
Total net operating credit balance cumulated to September 30, 1938... ‘ e+ sae Be) Leo OeOe 
Funds and Property 
* Combined Fund: Summary of Investments, September 30, 1938 

Market 
Legal Nonlegal Book Value Value 

Funds included: ; 

Engineering Foundation fund.... .. - $491,710.60. . $283,224.88. .$ 774,935.48 

Edward Dean Adams fund....... Maal. i vatia oe DOL Sl a Ole 90,872.61 

Library endowment fund...... ‘ 92,240.18.. 75,209.90. . 167,450.08 

Depreciation and renewal find). .,.....-..........0.)00e% 384,055.44. . 384,055.44 

General reserve fund.......... 10,189.62. . 10,189.62 


POtahiy an aera ae arene 


. $583,950.78. . $843,552.45. 


- $1,427,503.23 


Investments: Legal... 


Nonlegal. . 


Total investment, September 30, 1938. 
Cashotininvestedsmmesmieain cies es 


Real estate, cost oh PePiaabsS 30, 1938. . 
Operating cash, : ery 

Accounts receivable, eons: SNA: 

The Engineering Foundation—unexpended it income 
Alloys of iron research—unexpended income.... 
The Engineering Foundation custodian fund assets 
Welding research—unexpended income, . 

Henry R. Towne engineering fund. . 

Fifth Swasey gift..... 


HOTS teats c 


Moneys Held for Special Purposes 


Endowment committee (Adams expense fund)......... 


UET, Inc., Custodian of John Fritz Medal Fund 
Securities held September 30, 1938............... 


Cash on hand September 30) 19381.) ny yee oe 


--$ 346,422.00 
- 1,075,702.89 


1,422,124.89. 
5,378.34 


- $1,214,482.08 


$1,427,503.23 


- $1,993,793.92 
24,770.37 
1,558.95 
29,873.42 
5,594.75 
3,051.23 
1,215.32 
50,349.36. .$ 
86,977.16. .$ 


27,700.16 
86,436.69 


. $3,624,687.71 


-3 702.57 


a) 3,500.00. .$ 
277.23 


3,517.50 


* - ; 
A group of funds managed as one for convenience and economy in investment transactions 
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H. Critchett, vice-president, Union Carbide and 
‘bon Research Laboratories, Inc., New York, 
-, representing American Electrochemical So- 


Wilfred Sykes (A’09, F’14, past manager) assistant 
he president, Inland Steel Company, Chicago, 
member-at-large. 


ae Sisco, editor. 


WELDING RESEARCH 


Cc. A. Adams (A’94, F’'18, past-president) chair- 
man; consulting engineer, Edward G. Budd 
Manufacturing Company, Philadelphia, Pa. 


a. C. Boardman, research engineer, Chicago 
Bridge and Iron Company, Chicago, Ill. 


Everett Chapman, 


president, Lukenweld, Inc., 
Coatesville, Pa. y 


J. H. Critchett, vice-president, Union Carbide and 
— Research Laboratories, Inc., New York, 


J. J. Crowe, engineer-in-charge of apparatus, re- 
search, and development department of Air Re- 
duction Company, Jersey City, N. J. 


A. S. Douglass, construction engineer, Detroit Edi- 
son Company, Detroit, Mich. 


C. L. Eksergian, chief engineer, Budd Wheel Com- 
pany, Detroit, Mich. 


A. J. Ely, mechanical engineer, Standard Oil De- 
velopment Company, Elizabeth, N. J. 


H. M. Hobart (A’94, F’12, past vice-president) 
consulting engineer, General Electric Company, 
Schenectady, N. Y. 


D. S. Jacobus (A’03) advisory engineer, The Bab- 
cock and Wilcox Company, New York, N. Y. 


G. F. Jenks, colonel, Ordnance Department, United 
States Army, Washington, D. C. 


Jonathan Jones, chief engineer, fabricated steel 
construction, Bethlehem Steel Company, Bethle- 
hem, Pa. 


P. G. Lang, Jr., engineer of bridges, Baltimore and 
Ohio Railroad, Baltimore, Md. 


F. T. Llewellyn, research engineer, United States 
Steel Corporation, New York, N. Y. 


Aubrey Weymouth, vice-president and chief engi- 
neer, Post and McCord, Inc., New York, N. Y. 
(Alternate for Jonathan Jones.) 


William Spraragen (A’17, M’26) secretary, technical 
secretary and editor, New York, N. Y. 


Chairman Farmer was reappointed Foun- 
dation’s representative on the executive 
board of National Research Council, and 
O. E. Hovey was appointed representative 
on the highway research board. 


Annual Report Issued by United 
Engineering Trustees, Inc. 


The annual report of United Engineering 
Trustees, Inc., for the year ending Septem- 
ber 30, 1938, has been submitted to the 
AIEE and other participating societies by 
D. Robert Yarnall, president. The report 
reveals continued financial stability as a 
whole, practically full occupancy of the En- 
gineering Societies Building, gratifying use 
of meeting halls, and greater protection of 
the building. The physical condition of the 
building has been maintained and during the 
year extensive deferred mechanical mainte- 
nance has been met. The property remains 
on the tax-exempt rolls. Gratuitous use of 
meeting rooms has been granted to federal, 
state, and municipal organizations for mili- 
tary and WPA projects, and in co-operation 
with WPA and the board of education of the 
City of New York, to adult education 
classes in mathematics, languages, and other 
popular subjects. 

During the year, Ambrose Swasey’s fifth 
gift was written onto the books at $86,977.16, 
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bringing his gifts to a total book value of 
$818,632.91. The depreciation and renewal 
fund was brought to a total of $384,055.44 
against a 32-year-old building carried at 
$1,453,793.92. The capital investment in 
the property has been increased $6,000 by the 
addition of library shelving for use of Engi- 
neering Societies Library, paid by assessment 
against the Founder Societies. This addition 
is expected to provide storage for library 
acquisitions for the coming five years. A 
summary of the report of the UET finance 
committee is given in table I. 


Annual Report Issued by 
Engineering Societies Library 


The annual report of the Engineering 
Societies Library, containing information 
on the use of the library, its finances, and 
acquisitions, for the year ending September 
30, 1988, has been submitted to the AIEE 
and other participating societies by Harri- 
son W. Craver, director. 

The number of readers was 31,376, an 
increase of 4,626 over 1936-37. In addi- 
tion the library aided 10,574 other persons 
in various ways: 121 by lending 141 books; 
78 by making searches and copies; 113 by 
making translations; 2,590 by making 
20,869 photoprints; 2,974 by letter; and 
4,698 by telephone. By these various ways, 
the library was used by 41,950 persons, 
4,973 more than in the previous year. 
Requests for assistance have covered a 
wide variety of subjects and have come from 
every part of the earth. 

On October 1, 1937 the library contained 
141,292 volumes, 7,330 maps, and 4,362 
manuscript bibliographies. Additions dur- 
ing the year were 3,091 volumes, 118 maps, 
and 29 bibliographies. One hundred 
twenty-one volumes and 40 maps were 
withdrawn, making the stock at end of the 
year 144,262 volumes, 7,408 maps, and 
4,391 manuscript bibliographies. In addi- 
tion, 3,248 pamphlets were added to volumes 
already counted. The lending collection 
contained 703 volumes and the number of 
duplicates is approximately 12,000 volumes. 

In addition to cataloging current acces- 
sions as received, work has been carried on 
throughout the year in recataloging the 
pamphlets in the Wheeler collection, to 
conform with the system now in use. With 
the exception of a collection of Russian 
pamphlets and one of trade catalogs, and a 
few recent gifts, all material is cataloged 
and available for use. 

Through the continuation of a gift of 
W. S. Barstow (A’94, F’12), work has con- 
tinued during the year on repairing and re- 
binding valuable old books. 

The periodical index now contains over 
225,000 references to important engineering 
articles, classified by the universal decimal 
system, of which 21,000 were added during 
the current year. 

During the year 4,146 volumes, 9,748 
pamphlets, 118 maps, and 29 bibliographies 
were acquired by purchase or gift, a total 
of 14,041 items. Of these 3,091 volumes, 
3,248 pamphlets, 118 maps, and 29 bibliog- 
raphies were added to the permanent 
collection, a total of 6,486 additions. 
Thirty-five other volumes were placed in 
the loan collection. The remaining items 
of possible usefulness were added to the 
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duplicate collection, to be sold or exchanged 
as opportunity occurs; the residue was dis- 
carded as waste paper. Sales of duplicates 
amounted to $407.47. 

The number of periodicals received cur- 
rently was 1,369. Six hundred twenty-nine 
volumes, worth approximately $2,200 were 
received for review. 

The gifts numbered 12,242 items. Among 
the donors were the American Institute of 
Chemical Engineers, Professor George FE. 
Case, the Bridgeport Public Library, the 
Engineering News-Record, E. R. Fish, Miss 
B. Haupt, Mrs. William B. Jackson, M. 
Kammerhoff, the New York Bar Associa- 
tion, George A. Orrok, Port of New York 
Authority, Shepherd F. Smith, and Arthur 
F. Tuttle. 

At the request of the officers of the 
Engineering Institute of Canada, arrange- 
ments were made to supply the Engineering 
Journal, the organ of the Institute, with 
notices of new books. 

Physical improvements of considerable 
magnitude have been made. A _ special 
appropriation by the Founder Societies 
made possible the erection of additional 
shelving, which has relieved overcrowding. 

The budget for general operations was 
$48,100. Of this $35,959.70 was appro- 
priated by the Founder Societies as follows: 


American Society of Civil Engineers..... $9,631.40 
American Institute of Mining and 

Metallurgical Engineers.............. 7,520.90 
American Society of Mechanical 

EM giMGers: cords sata assault wate een ae 9,118.10 
American Institute of Electrical 

POSINECCES ercianerd cya nal Saree. Uni aane eves sietobecs 9,689.30 


Expenditures from this budget amounted 
to $47,214.28 of which $9,534.18 was spent 
for books and other equipment of per- 
manent value. The service bureau _ re- 
ceived $8,340.00 and spent $7,942.04. 


Annual Report Issued 
by Engineering Foundation 


The annual report of The Engineering 
Foundation for the year ending September 
30, 1938, has been submitted to the AIEE 
and other participating societies by F. M. 
Farmer (A’02, F’13, vice-president) chair- 
man of the Foundation board, who was as- 
sisted by Otis E. Hovey, director. 

A summary of the capital fund of The 
Engineering Foundation and a condensed 
financial statement follow: 


Capital Funds 


Endowment, total book value on 

September 30, 1938............... $871,000.00 
E. H. McHenry bequest in hands of 

executors until decease of two life 

beneficiaries, appraised at probate 

of will in 1931, approximately...... .$400,000.00 
Hitth Gwasey gittecd. s+ ese 2 .3 86,977.16 


The capital funds are held and administered by 
United Engineering Trustees, Inc. The net in- 
come from endowment was $42,516.69 for the 
fiscal year ended September 30, 1938. The 
Foundation board has discretion in use of income. 
For many of the enterprises which the Foundation 
has aided, large contributions of money, services, 
and materials have been obtained from others, 


Expendable Resources—Summary 


Balance on October 1, 1937...........8 24,555.11 
Receipts 
Income from endow- 
Ment, oe os es va <0 vO 42;016,69) 
Income from minor 
ifemisicoee tian | Looser 43,878.96 
Total resources.............. %$ 68,434.07 
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Disbursements—Summary 


Research projects........- $30,161.38 
Promotion of research 
and administrative ex- 


Penses. 4 sees tessa 6,090.20 


Total for furtherance and support of 


PESCORCHS ccc a oie, neste kccikeet scare aie 38,560.65 


Balance on October 1, 1938......... $ 29,873.42 


Money ‘“‘contributions’”’ from organizations and 
individuals, for specific activities, passed through 
the Foundation’s accounts from its organization to 
September 30, 1938, totaled $316,703.81. 


During the report year, in order to carry 
out the purposes of the Foundation, a total 
of 72 projects dealing with engineering and 
technical research, and the broader non- 
technical matters of concern to the engi- 
neering profession had been or were being 
assisted by money grants. Work on 20 ac- 
tive projects, in 2 of which the AIEE is in- 
terested directly, has progressed during the 
year. In order to establish personal con- 
tacts and closer co-operation with those in 
charge of technical researches which are 
being supported or assisted by grants from 
the Foundation, the director has visited 
during the year most of the institutions and 
laboratories at which these researches are 
being conducted. A summary of activities 
follows: : 


Soil Mechanics and Foundations Division 
(ASCE). The following studies are in- 
cluded: 


Earths, Dams, and Embankments ($500). Five 
subcommittees have been assigned to specific phases 
of the problem. The principal activity has been 
collecting data and ideas on the methods used for 
determining settlement in earth fills during and 
after construction, and for determining internal 
pressures in earth fills. 


Sampling and Testing ($2,500). The work of the 
committee mainly has been studies for better 
methods of obtaining undisturbed samples and of 
the causes and effects of distortion and swelling of 
such samples. The work is being done with the 
co-operation of several laboratories, and interested 
companies. 


Seepage and Erosion ($750). The project con- 
sisting of model investigations of seepage phe- 
nomena in earth dams has been continued at the 
University of Minnesota. A report is expected 
within the next few months. 


Foundations ($1,500). Investigations have con- 
tinued of structures in Europe. Data have been 
collected on settlements of structures in Egypt and 
papers on this and data on lateral earth and concrete 
pressures are to be presented. 


Special Committee on Hydraulic Research 
(ASCE). The following studies are in- 
cluded: 


Conversion of Kinetic to Potential Energy in Ex- 
panding Conduits ($300). The tests of a trans- 
parent conical expansion 71/2 inches long con- 
necting transparent pipes 3 inches and 5 inches in 
diameter, have been completed, and the tests of 
sudden expansion are nearly finished. A mass of 
photographic and statistical data has been col- 
lected and is being analyzed, and a report is ex- 
pected during the coming year. 


Traveling Waves on Steep Slopes ($300). The 
work has been on a study of traveling waves and 
bores in a channel of trapezoidal cross section 92 
feet long, with slopes from zero to about eight 
degrees. 


Phenomena of Intersecting Streams ($300). The 
work on open channel intersections has been sus- 
pended for the present and attention is being 
directed to intersections of closed conduits. It was 
found that better results could be obtained by this 
procedure. 


Curves in Open Channels ($300). Data have been 
taken on velocity measurements at various sections 
of the bend of a rectangular section 18 inches wide 
and of varying depth up to 10 inches. These data 
have been plotted into curves showing the condition 
of flow. A mathematical analysis of stream lines, 
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angular velocity, and acceleration has been made 
in accordance with the laws of hydrodynamics. 


Sedimentation at the Confluence of Rivers ($300). 
A new apparatus has been built at the St. Anthony 
Falls Hydraulic Laboratory designed to overcome 
some of the short-comings of the original experi- 
mental setup. 


Alloys of Iron (AIME, $5,000). During 
the year the manuscript for ‘“The Alloys of 
Tron and Nickel, Volume I’”’ was completed. 
The first draft of ‘“The Alloys of Iron and 
Chromium, Volume II’’ was finished and 
prepared for review by the co-operating 
experts. Work has been continued in 
assembling the data for ‘‘The Alloys of Iron 
and Nickel, Volume II—Engineering 
Steels,” “The Alloys of Iron and Manga- 
nese,” and ‘“‘The Alloys of Iron and Vana- 
dium.” 

Barodynamic Researches (AIME, $2,500). 
Work on this project has been continued. 
The following investigations were made: 

1. The effect of immediate roof thickness in long- 
wall mining. 


2. The effect of artificial support in longwall 
support. 


8. Stress distribution in mine pillars by photo- 
elastic means, 


4. Stress distribution in mine bottoms and roofs 
by photoelastic means. 


5. Time effects in the behavior of rock structures 
stressed beyond the elastic limits. 


Several articles have been published and 
others are to follow. 

Critical Pressure Steam Boilers (ASME, 
$1,000). The 1987-38 research program 
has included viscosity of steam and oxida- 
tion of metal in contact with high-tempera- 
ture steam. The viscosity study has con- 
firmed previous results, and the effect of 
stress on intercrystalline corrosion is being 
studied. 

Fluid Meters (ASME, $1,000). Tests of 
discharge through various sizes of nozzles 
have been made at four university labora- 
tories, and the National Bureau of Stand- 
ards. 

Lubrication (ASME, $1,000). It was 
decided to discontinue some activities and 
to take up others. Compilation of the 
lubrication bibliography is progressing. 
The subcommittee on viscosity at high 
rates of shear is studying its problem. 
The committee proposes to investigate tem- 
perature distribution in bearings and 
pedestals during the coming year. 

Cottonseed Processing (ASME, $500). 
Work done in 1936-37 demonstrated that 
definite benefits accrue from _ short-time 
cooking of cottonseed under steam pressure 
at elevated temperatures; the work of 
1937-88 included a practical application of 
the cooking process using small equipment. 

Rolling Steels (ASME, $900). It has 
been decided to base the research made 
upon tension test specimens. The heating 
will be done in an induction furnace de- 
signed to operate at suitable temperatures. 
The design of a machine, which will draw 
out the specimens at the necessary rapid 
speeds of deformation, has been begun. 

Stability of Impregnated-Paper Insula- 
tion (AIEE, $2,000 plus $1,000). The 
principal purpose of the research is a study 
of the dielectric strength and stability of 
impregnated-paper insulation as related to 
the density of the paper. The schedule of 
progress originally outlined for the work 
has been maintained, tests on four out of 
the five grades of paper to be tested have 
been completed. It is anticipated that no 
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difficulty will be met in completing the tests 
on the five grades of paper before the date 
originally set for the completion of the 
experimental work. The supervisory com- 
mittee has indicated that it considers the 
results to be of value and interest, and has 
considered generally a desirable program 
for a continuation of the work through 
another year. 

Welding Research Committee (AIEE 
and American Welding Society, $4,000 plus 
$5,900). The work of the welding research 
committee is becoming an established, recog- 
nized institution. Leading articles and 
research reports carry bibliographic refer- 
ences to reports or reviews issued by the 
welding research committee. So far, the 
work has been concerned largely with 
critical digests of the literature, making 
available translations of important articles 
to research workers and others interested, 
and the conduct of relatively small, but im- 
portant, pieces of fundamental research in 
leading universities. This year, however, 
has witnessed the financing of one of the 
major projects of the industrial research 
division, namely, the fatigue strength of 
welded joints. A fellowship was created at 
Rensselaer Polytechnic Institute in resist- 
ance welding, and grants-in-aid have been 
given to several selected universities for 
support of specific researches. During the 
year a total of 452 printed pages were pub- 
lished as Research Supplements to the Weld- 
ing Journal. Thirty translations have been 
made available. 

Engineers Council for Professional De- 
velopment ($3,750). The major activity 
has been a continuation of the accrediting 
of institutions and curricula. An advisory 
service to institutions has been worked out 
in further detail, and already several op- 
portunities have been developed of assisting 
institutions. Over 15,000 copies of “‘Engi- 
neering: A Career—A Culture’”’ have been 
sold. More colleges are showing an interest 
in the problems of more careful selection of 
engineering freshmen. 

Plastic Flow of Concrete (University of 
California, $1,500). During this year, the 
more important results have been in con- 
nection with the extensibility of concrete 
under temperature conditions simulating 
those existing in mass concrete as it heats 
and cools; the relation of the quality of 
hardened cement paste to flow; the relation 
of the quality of hardened cement to flow; 
the relation between moisture loss and flow; 
and the fiber strains due to flow in beams. 
Work is progressing on tests of the effect of 
thermal stresses in walls and slabs; the 
effect of revibration on plastic flow; the 
effect of sustained stress on bond between 
concrete and steel; the plastic flow of con- 
crete in shear; and the plastic flow of con- 
crete during the early hardening period. 

Personnel Research Federation ($1,200). 
The problems incident to negotiations with 
employees have been studied by interviews 
with operating and industrial relations 
executives and labor leaders, studying rec- 
ords of negotiations and the literature on 
the subject. It is expected to publish the ~ 
results of the study in a series of articles 
during the next months. 

Wind Direction and Velocity (New York 
University, $500). Some experimental pilot 
balloon ascents with 180-degree cameras 
were made. Perfect recording occurred up 
to over 2,000 feet altitude. No higher as- 
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e ‘ It appears likely 
hat reliable readings will be obtained with 
the new apparatus at such altitudes as are 
required in pilot balloon work. 

More complete progress reports on the 
active research projects are on file in the 


office of The Engineering Foundation. A 


F. B. Jewett (A’03, F’12) has been awarded 
the 1939 John Fritz Gold Medal, highest of 
American engineering honors, for ‘vision 
and leadership in science, and for notable 
achievement in the furtherance of industrial 
research and development in communica- 
The award is made annually for 
notable scientific or industrial achievement 
by a board composed of representatives of 
the four national engineering societies of 
civil, mining and metallurgical, mechanical, 
and electrical engineers. Doctor Jewett 
was born at Pasadena, Calif., September 5, 
1879, and received the degrees of bachelor 
of arts (1898) from Throop Polytechnic 
Institute (now California Institute of Tech- 
nology) and doctor of philosophy (1902) 
from the University of Chicago. From 
1904 to 1912 he was associated with the 
American Telephone and Telegraph Com- 
pany as transmission engineer, and in 1916 
became chief engineer of the Western 
Electric Company after serving four years 
as assistant to that position. He was 
made vice-president of the Western Electric 
Company in 1922, and since 1925 has been 
vice-president in charge of development 
and research of the American Telephone 
and Telegraph Company and president of 
Bell Telephone Laboratories, Inc., in New 
York, N. Y. Doctor Jewett was awarded 
the AIEE Edison Medal in 1928, and the 
Washington Award of the Western Society 
of Engineers for 1938. The degree of 
doctor of science has been conferred upon 
him by six universities, and the degree of 
doctor of engineering by one; he also has 
received other honors. Doctor Jewett was 
vice-chairman of The Engineering Founda- 
tion from 1919 to 1925 and chairman of the 
division of engineering and industrial re- 
search of the National Research Council 
from 1923 to 1927. A past-president of the 
AIEE, he has been active in its work and 
in that of other societies of which he is a 
member. He was a member of the com- 
mittee on railway research of the Science 
Advisory Board appointed by President 
Roosevelt, and is a director of the National 
Advisory Council on Radio in Education. 


H. B. Bryans (M’17, F’18) has been elected 
executive vice-president of the Philadelphia 
Electric Company, Philadelphia, Pa. Mr. 
Bryans was born at Philadelphia March 26, 
1886, and was graduated from the Univer- 
sity of Pennsylvania in 1907 with the degree 
of bachelor of science in mechanical engi- 
neering. Following graduation he was 
connected with the Philadelphia Gas Works, 
Kansas City (Mo.) Gas Company, and 
Fulton County Gas and Electric Company, 
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number of specific problems are under in- 
vestigation over a wide range of subjects 
rather than a small number of more elabo- 
rate problems. Further information on the 
Foundation and its activities may be ob- 
tained at Foundation’s office, 29 West 39th 
Street, New York, N. Y. 


Pee coral eins 


Gloversville, N. Y. In 1912 he returned 
to Philadelphia as assistant to inspecting 
engineer with the United Gas Improvement 
Company, and two years later was ap- 
pointed engineer of the Counties Gas and 
Electric Company at Norristown, Pa. In 
1927 he was made general superintendent 
of the Philadelphia Suburban-Counties Gas 
and Electric Company and in the following 
year was promoted to assistant general 
manager of the same company. Mr. 
Bryans was then transferred to the Phila- 
delphia Electric Company and was made 
vice-president in 1929. 


J. M. Conroy (A’23) has become deputy 
chief engineer of the Canadian Marconi 
Company, Montreal, Que., Canada. Mr. 
Conroy is a native (1886) of Ottawa, Ont., 
and a graduate of McGill University, 
from which he received the degree of 
bachelor of science in electrical engineering. 
He was employed by the Canadian Westing- 
house Company, Canadian General Electric 
Company, and the Department of Naval 
Service before he joined the Canadian 
Marconi Company in 1922. Since that 
time he has steadily advanced in the com- 
pany’s services and has held the position of 
works engineer for the past 11 years. 


R. E. Powers (A’33) has been appointed 
northwestern district service manager for 
the Westinghouse Electric and Manufactur- 
ing Company. Mr. Powers, who was 
graduated from Washington State College 
in 1923 with the degree of bachelor of 
science in electrical engineering, has been 
employed continuously by the Westing- 
house company since 1923. In 1926 he was 
transferred to the central station division 
of general engineering, and was engineering 
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representative in the New York district, 


being made eastern engineering manager in 
1936. 


F. W. Smith (A’18, M’34) has been ap- 
pointed general engineer of the Virginia 
Electric and Power Company, Richmond. 
Born at Northampton, Mass., September G 
1888, Mr. Smith received the degree of 
bachelor of science in electrical engineering 
from Worcester Polytechnic Institute. He 
obtained his first experience in the public 
utility field with the New England Power 
Company in 1913, acting in various capaci- 
ties until 1919, where he accepted a position 
with the Goodyear Tire and Rubber Com- 
pany, Akron, Ohio, The following year he 
entered the employ of the Stone and Web- 
ster Engineering Corporation at Boston, 
Mass., and in 1921 was transferred to the 
Blackstone Valley Gas and Electric Com- 
pany at Pawtucket, R. I. In 1931 he be- 
came assistant general engineer for the 
Virginia Electric and Power Company. 
Mr. Smith is secretary of the AIEE Virginia 
Section. 


M. M. Samuels (F’24) has resigned from 
the Federal Power Commission to accept 
appointment as chief operations engineer 
of the Rural Electrification Administration, 
Washington, D. C. Mr. Samuels joined 
the Federal Power Commission in 1934 as 
technical adviser of the electric rate survey 
and later as electrical engineer in the 
regional office at New York, N. Y. While 
with the commission he participated in the 
preparation of numerous confidential re- 
ports. A native of Schaki, Lithuania, he 
was graduated from the Technical Uni- 
versity of Karlsruhe in 1905, and was for 
20 years on the staff of the J. G. White 
Engineering Corporation where he was re- 
sponsible for the electrical engineering of 
numerous utility and industrial projects. 


R. E. Williams (A’35) has become a mem- 
ber of the staff of the technical press service 
of the Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa. 
A native (1912) of Mulberry, Ind., and a 
graduate of Purdue University, from which 
he received the degree of bachelor of science 
in electrical engineering in 1934, Mr. Wil- 
liams had been a member of the Institute’s 
publication staff since 1936. Prior to 
joining the Institute’s staff he was a member 
of the electrical-engineering staff of Gibbs 
and Cox, Inc., marine and naval architects 
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at New York, N. Y. He was a member of 
the AIEE Student Branch at Purdue, and 
is an associate, Society of Sigma Xi, na- 
tional research honorary fraternity. 


James Dixon (A’02, M’13) has accepted 
the position of assistant general manager 
and chief engineer with the Elliott Com- 
pany, Ridgway, Pa. Mr. Dixon was born 
at New York, N. Y., March 5, 1877, and 
was graduated from Columbia University 
in 1901 with the degree of electrical engi- 
neer. He then entered the employ of the 
Gray National Telautograph Company for 
five years, and in 1910, following work with 
the General Storage Battery Company at 
Boonton, N. J., became superintendent of 
construction and repair with the Crocker 
Wheeler Company at Ampere, N. J. He 
returned to the company after a short ab- 
sence in 1915 as assistant chief engineer. 
In 1920 he became production manager with 
the Reliance Electric and Engineering 
Company, Cleveland, Ohio. For the past 
several years Mr. Dixon had again been 
affiliated with the Crocker Wheeler Com- 
pany as engineer of test, inspection, and 
construction. 


C. F. Scott (A’92, F’25, HM’29) has been 
elected president of the National Council 
of State Boards of Engineering Examiners. 
Doctor Scott is emeritus professor of elec- 
trical engineering, Yale University, New 
Haven, Conn., and has recently been de- 
voting much time to matters pertaining to 
education and registration of engineers. 
From 1935 to 1938 he was chairman of 
Engineers’ Council for Professional De- 
velopment, and for 1937-38 was vice- 
president of the NCSBEE. For 1938-39 
he has been appointed chairman of the 
ECPD committee on professional recog- 
nition. Doctor Scott is a past-president 
of the AIEE and received the Edison Medal 
in 1929; he has a long record of service 
in Institute affairs. 


Francis Hodgkinson (A’02) consulting me- 
chanical engineer, New York, N. Y., has 
been awarded the Holley Medal of The 
American Society of Mechanical Engineers 
for ‘“‘meritorious services in the development 
of the steam turbine.’”’ Mr. Hodgkinson is 
widely known as a designer and builder of 
steam turbines, and is honorary professor 
of mechanical engineering at Columbia 
University. He was born in London, 
England, June 16, 1867, and was educated 
in England. He was associated with C. A. 
Parsons in the early development of the 
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reaction turbine, and was superintendent 
of construction of C. A. Parsons and Com- 
pany when, in 1896, a license agreement 
was negotiated with the late George West- 
inghouse and Mr. Hodgkinson was given 
charge of steam-turbine construction for the 
Westinghouse Machine Company. In 1916 
he was made chief engineer of the Westing- 
house Electric and Manufacturing Com- 
pany, and ten years later became consulting 
engineer for the company, serving in that 
capacity until his retirement in 1936. 
Stevens Institute of Technology granted him 
the honorary degree of mechanical engineer 
in 1934. 


W. H. Rodgers (A’24, M’30) has been ap- 
pointed engineering manager of the eastern 
district of the Westinghouse Electric Manu- 
facturing Company, with headquarters at 
New York, N. Y. After graduating from 
the University of Illinois in 1922, Mr. 
Rodgers entered the central station engi- 
neering section of the Westinghouse com- 
pany at East Pittsburgh, Pa., and for nearly 
15 years, until his present appointment, 
worked on electrical supply and distribution 
problems. 


F. H. Doremus (A’24, M’32) has been ap- 
pointed manager for the Rocky Mountain 
district of the transportation department 
of the General Electric Company at Denver, 
Colo.; he also is manager of the industrial 
department for that district. Mr. Doremus 
has been affiliated continuously with the 
company since graduation from the Uni- 
versity of Nebraska in 1922, and was trans- 
ferred to the industrial department at 
Denver in 1925. 


W. H. Harrison (A’20, F’31) has been 
elected a member of the corporation of the 
Polytechnic Institute of Brooklyn. Vice- 
president and chief engineer of the Ameri- 
can Telephone and Telegraph Company, 
New York, N. Y., he is a past president of 
the AIKE, and recently was granted the 
honorary degree of doctor of engineering 
as announced in the July 1938 issue. 


Zay Jeffries (M’36) has been elected a mem- 
ber of the corporation of Case School of 
Applied Science, Cleveland, Ohio. Doctor 
Jeffries was a member of the faculty of the 
school from 1911 to 1917, and is an author- 
ity in metallurgy. He is now technical 
director of the incandescent lamp depart- 
ment of the General Electric Company at 
Cleveland. 


News 


B. S. Rodey, Jr. (A’22, M’26) has received 
the degree of doctor of judicial science after 
writing a thesis on the terms “‘original cost” 
and “prudent investment.” 
auditor with the Consolidated Edison Com- 
pany of New York, Inc., New York, N« Ye5 
and chairman of the general accounting 
committee of the Edison Electric Institute. 


R. E. Doherty (A’16, M’27) has been elected 
vice-chairman of Engineers’ Council for 
Professional Development for the year 
1938-39. Doctor Doherty is president of 
Carnegie Institute of Technology, Pitts- 
burgh, Pa., and is the recipient of the 1937 


Lamme Medal, as announced on page 141 of - 


the March 1938 issue. 


J. H. Foote (A’18, F’32) has been elected 
chairman of the committee on copper and 
copper alloy wires for electrical conductors 
of the American Society for Testing Mate- 
rials. Mr. Foote is supervising engineer 
with the Commonwealth and Southern 
Corporation, Jackson, Mich. 


S. H. P. Wolferstan (M’35) has been ap- 
pointed manager of the contract service 
department of the Canadian General Elec- 
tric Company, Toronto, Ont. He formerly 
was district engineer for the company at 
Montreal, Que. 


G. G. Post (A’11, F’33) has been elected 
president of the Engineers’ Society of Mil- 
waukee. Mr. Post is vice-president in 
charge of power, Milwaukee Electric 
Railway and Power Company, Milwaukee, 
Wis. 


D. E. Culnan (A’37) has accepted a position 
as junior examiner in the electrical engi- 
neering division of the United States 
Patent Office at Washington, D. C. Mr. 
Culnan formerly was junior engineer with 
Fibreboard Products, Inc., Antioch, Calif. 


Douglas Montgomery (A’26) has accepted 
a position as assistant electrical engineer with 
the Illinois Iowa Power Company, Cham- 
paign, Ill. Formerly he was electrical 
draftsman with the Detroit Edison Com- 
pany, Detroit, Mich. 


Norman Carlberg (A’38) is now junior 
engineer with the United States Navy Yard 
at Bremerton, Wash. He formerly was at 
Fort Peck, Mont. 


J. R. Read (A’04) recently was elected a 
director of the Canadian Westinghouse 
Company, Hamilton, Ont. He is vice- 
president of the company. 


E. J. Withers (A’34) now is employed in 
plant operations work for Hiram Walker 
and Sons, Inc., Peoria, Ill. 


F. W. Frink (A’31) has become a radio engi- 
neer for the Radio Receptor Company, New 
WiOTK ENV 


L. E. Mathews (A’35) has been appointed 
assistant rate analyst for the Rural Electri- 


fication Administration, Washington, D. C. 


W. J. Lind (A’36) has become an air condi- 
tioning engineer for the Canadian General 
Electric Company, Ltd., Vancouver, B. C. 


E. H. Small (A’38) has been appointed in- 
structor in mechanical engineering at the 
University of Toledo (Ohio). 
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Walter Sherman Moody (A’06, M’10, 
F’'12) retired transformer engineer, died 
November 7, 1938, at Pittsfield, Mass. 
Born at Chelsea, Mass., September 20, 


1864, Mr. Moody in 1887 was a member 


of the first electrical-engineering class to 
graduate from Massachusetts Institute of 
Technology. He remained for one year 


as instructor, a period during which he met 


William Stanley at a demonstration of an 
a-c system and was impressed with the 
possibilities of a-c distribution. In 1888 
Mr. Moody became assistant engineer of 
the Thomson Electric Welding Company, 
and in 1892 joined the staff of the Thomson- 
Houston Electric Company at Lynn as 
designing engineer in transformers and a-c 
dynamos. In that year the company 
merged with the General Electric Company 
and Mr. Moody was made chief engineer 
of the transformer department at Lynn. 
He was transferred to Schenectady, N. Y., 
in the same capacity in 1897, and in 1908 
was placed in charge of transformer engi- 
neering for the entire company at Pittsfield. 
In 1927 he was named consulting engineer 
by the company, and in 1931 he retired from 
active work. Mr. Moody contributed 
many improvements in transformers and 
induction regulators, and did pioneer work 
in the use of silicon sheet steel in electrical 
equipment. He was one of the original 
members of the Institute’s Pittsfield Sec- 


' tion, and at one time was a representative 


on the United States National Committee 
of the International Electrotechnical Com- 
mission. 


S. Clifford Jacoby (A’21, M’31) superin- 
tendent of transmission and distribution, 
Montaup Electric Company, Fall River, 
Mass., died October 20, 1938. Mr. Jacoby 
was born at Conshohocken, Pa., August 
21, 1896, and was graduated from a 
course in engineering in 1917. He then 
accepted the position of student engi- 
neer with Stone and Webster, and was sent 
to Key West, Fla. Two years later he was 
transferred to the Blackstone Valley Gas 
and Electric Company at Pawtucket, R. L., 
where he was promoted through several 
positions. In 1925 he was made chief load 
dispatcher for the Montaup Electric Com- 
pany, and three years later was promoted 
to the position of superintendent of trans- 
mission and distribution. 


Harold Hutchison Shearer (M’20) direc- 
tory engineer, American Telephone and 
Telegraph Company, New York, N. Y., 
died November 10, 1938. Mr. Shearer 
was born at Bay City, Mich., August 24, 
1886, and studied at the University of 
Michigan, from which he was graduated in 
1908 with the degree of bachelor of science 
in electrical engineering. He was then em- 
ployed in the Long Island division of the 
New York Telephone Company, and in 
1913 became division plant engineer. Dur- 
ing 1917-19 he served as major and lieuten- 
ant colonel with the United States Army in 
France, and shortly after his return to the 
United States was transferred to the general 
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engineering staff of the operations section 
of the American Telephone and Telegraph 
Company at New York. He had been 
directory engineer for the past ten years. 
Mr. Shearer was a member of Sigma Xi 
and Tau Beta Pi. 


Kenneth Buchanan Thornton (A’01, M’'13) 
general manager of Montreal Tramways 
Company, Montreal, Que., Canada, died 
February 10, 1938. He was born at Mon- 
treal June 26, 1878, and studied electrical 
and mechanical engineering at Central 
Technical College, London, England. From 
1893 to 1895 he was associated with the 
Royal Electric Company and the Montreal 
Light, Heat and Power Company at Mon- 
treal, following which he became associated 
with J. G. White and Company, having 
various operating positions with companies 
in New York, Portland, Me., and Con- 
necticut. In 1911 Mr. Thornton became 
chief engineer and operating manager for 
the Canadian Light and Power Company 
and its affiliated companies, in 1920 general 
manager of the Montreal Public Service 
Corporation, and in 1926 of the Montreal 
Tramways Company. 


George Herbert Thrush, Jr. (A’34) man- 
ager of the Pittsburgh, Pa., branch of The 
Electric Storage Battery Company, died 
September 25, 1938. Mr. Thrush was a 
native of Shippensburg, Pa., where he was 
born September 25, 1894. From 1911 to 
1919 he served in the United States Army, 
rising to the rank of captain and later be- 
coming major in the Officers Reserve Corps. 
In 1919 he entered Gettysburg College, 
from which he was graduated in 1924 with 
the degree of bachelor of science in electrical 
engineering. For brief periods he was em- 
ployed by the Bell Telephone Company of 
Pennsylvania; in 1924 he became sales 
engineer with The Electric Storage Battery 
Company. He held various positions in 
offices at Atlanta, Ga., New Orleans, La., 
and Pittsburgh, being appointed manager 
of the last branch in 1930. 


Hugo P. Geisler, Jr. (M’36) appraisal man- 
ager, Stone and Webster Engineering Cor- 
poration, Boston, Mass., died September 10, 
1938. Born at Saginaw, Mich., June 29, 
1895, Mr. Geisler studied electrical engi- 
neering at Massachusetts Institute of Tech- 
nology. In 1918 he joined the Stone and 
Webster organization, and subsequently 
held various positions in gas and electric 
companies operating in the states of Ken- 
tucky, Connecticut, Washington, and 
Louisiana. In 1927 he was made engineer 
in the appraisal division of the organization, 
and following several other advances was 
made appraisal engineer in 1930. Three 
years later he was given the title of appraisal 
manager and personal responsible charge 
of general appraisal work of the company 
involving properties having a value in 
excess of one billion dollars. 


James P. Alexander (M’21) New England 
district manager for the Westinghouse 
Electric and Manufacturing Company, 
Boston, Mass., died October 8, 1938. He 
was born at Chambersburg, Pa., November 
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22, 1885, and was graduated from Lafayette 
College with the degree of electrical engineer 
in 1907. In that year he entered the em- 
ploy of the Westinghouse company, and 
after completing the apprentice course en- 
tered the railway department at East Pitts- 
burgh, Pa., remaining there until 1911 when 
he was transferred to the Boston office as 
railway engineer. In 1913 he became a 
railway salesman located in the Springfield, 
Mass., office and two years later went to 
the New Haven, Conn., office as railway 
and central station salesman, He was 
made manager of the transportation division 
at Boston in 1922 and manager of the New 
Haven branch office in 1924, returning to 
Boston ten years ago as manager in charge 
of all sales and service in New England. 


Frederick Miles Bronson (M’36) engineer 
with the American Telephone and Tele- 
graph Company, Washington, D. C., died 
October 23, 1988. Mr. Bronson was born 
at Walton, N. Y., May 11, 1882, and be- 
came manager of the Walton Telephone 
Company in 1900. Two years later he 
entered the engineering department of the 
New England Telephone and Telegraph 
Company at Boston, Mass., at subse- 
quently held positions at Bangor and 
Portland, Me. In 1910 he became engineer 
in the engineering department of the 
American Telephone and Telegraph Com- 
pany at New York, N. Y., where he had 
increasing responsibility in traffic engi- 
neering and operating problems. Mr. 
Bronson was transferred to Washington two 
years ago. 


Watkins Franklin Mintzer (A’20) retired 
construction engineer, service department, 
Canadian Westinghouse Company, Ltd., 
Hamilton, Ont., Canada, died August 22, 
1938. Mr. Mintzer was born at Croydon, 
Pa., December 3, 1889, and in 1908 entered 
the employ of a company manufacturing 
scientific instruments; after a short time 
he joined the Metropolitan Railway Com- 
pany in New York, N. Y. In 1910 he 
accepted a position with the General Elec- 
tric Company, and two years later became 
engaged in electrical construction work with 
the Canadian Westinghouse Company, an 
affiliation which he continued until his 
retirement in 1934. 


James L. F. Bracken (A’18) designing en- 
gineer, New York, New Haven and Hart- 
ford Railroad Company, New York, N. Y., 
died October 21, 1938. Mr. Bracken 
was born October 10, 1893, and studied 
engineering at the Sheffield Scientific 
School of Yale University. In 1915 he 
entered an apprentice course in the electric 
locomotive shops of the New Haven Rail- 
road, and two years later was made elec- 
trical draftsman. He became assistant 
electrical engineer in 1920, and in 1928 was 
transferred to New York as assistant to 
mechanical superintendent. A few years 
later he was made designing engineer. 


Charles H. Harris (A’34) general engineer 
of the Virginia Electric and Power Com- 
pany, Richmond, died October 22, 1958. 
He was born at Natick, Mass., and received 
the degree of bachelor of science from 
Massachusetts Institute of Technology in 
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1901. Upon graduation he joined the Stone 
and Webster organization at Boston, Mass., 
and subsequently held various positions 
with the Seattle Electric Company, Minne- 
apolis General Electric Company, Missis- 
sippi River Power Company, Western 
United Company, and Tampa Electric 
Company. Mr. Harris had been with the 
Virginia Electric and Power Company since 
1927. 


Arnold Simeon Upley (A’37) electrical en- 
gineer, Chase-Shawmut Company, New- 
buryport, Mass., died recently. He was 
born at Roxbury, Mass., August 16, 1913, 
and received the degree of bachelor of 
science in electrical engineering from North- 
eastern University in 1986. As a co- 
operative student he was employed by The 
Edison Electric Illuminating Company of 
Boston in 1931-32, and in 1936 he entered 
the engineering department of the Chase- 
Shawmut Company where he was engaged 
in design and research on fuses. 


Gisle Edwin Huseby (A’26) engineer, IIli- 
nois Bell Telephone Company, Chicago, 
died October 2, 1988. He was born at New 
Richland, Minn., November 27, 1898, and 
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was graduated from the University of 
Minnesota with the degree of bachelor of 


science in electrical engineering in 1924. 


In that year he entered the employ of the 
Western Electric Company at Chicago as 
equipment engineer; a short time later Mr. 
Huseby became associated with the IlIli- 
nois Bell Telephone Company. 


Montgomery Ralston Bird (A’36) tester, 
General Electric Company, Bloomfield, 
N. J., died November 27, 1936, according 
to word just received at Institute head- 
quarters. Mr. Bird was born at North 
Plainfield, N. J., December 29, 1910, and 
was graduated from the Newark College 
of Engineering in 1935 with the degree of 
bachelor of science in electrical engineering. 
Early in 1936 he entered the employment 
of the General Electric Company as a 
tester in the air-conditioning department. 


Raymond Guttmann (A’35) Albany, N. Y., 
died February 22, 1938. Mr. Guttmann 
was born at Schoharie, N. Y., August 30, 
1911, and was graduated from Rensselaer 
Polytechnic Institute in 1934 with the 
degree of electrical engineer. 


Recommended 
for Transfer 


The board of examiners, at its meeting on Novem- 
ber 17, 1938, recommended the following members 
for transfer to the grade of membership indicated. 
Any objection to these transfers should be filed at 
once with the national secretary. 


To Grade of Fellow 


Piatt, Wm. M., consulting engineer, Durham, N. C. 
Race, H. H., research engineer, General Electric 
Company, Schenectady, N. Y 


2 to Grade of Fellow 


To Grade of Member 


Fies, John, assistant to head of distribution depart- 
ment, Dallas Power & Light Company, Dallas, 
Texas 

Ghen, M. W., superintendent, downtown division, 
Duquesne Light Company, Pittsburgh, Pa. 

Janes, C. W., instructor in electrical engineering, 
University of Arkansas, Fayetteville. 

Maxfield, F. A., instructor in electrical engineering, 
University of Wisconsin, Madison. 

Nuezel, E. F., superintendent, underground elec- 
trical transmission and distribution depart- 
ment, Cincinnati Gas & Electric Company, 
Cincinnati, Ohio 

Sessoms, O. V. P., superintendent, meter and in- 
stallation department, Virginia Electric & 
Power Company, Richmond, Va. 

Sixtus, E. F., vice-president in charge of sales, 
Pacific Electric Manufacturing Corporation, 
San Francisco, Calif. 

Sturtevant, G. R., meter engineer, General Electric 
Company, West Lynn, Mass. 


2 to Grade of Member 


Applications 
for Election 


Applications have been received at headquarters 
from the following candidates for election to mem- 
bership in the Institute. If the applicant has ap- 
plied for direct admission to a grade higher than 
Associate, the grade follows immediately after the 
name. Any member objecting to the election of 
any of these candidates should so inform the na- 
tional secretary before December 31, 1938, or 
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February 28, 1939, if the applicant resides outside 
of the United States or Canada. 


United States and Canada 


Abraham, L. G. (Member), Bell Telephone Labora- 
tories, Inc., New York, N. Y. 

Arning, H. U., Otis Elevator Company, New York, 
N.Y 


Austry, W. H. (Member), Stackpole Carbon Com- 
pany, St. Marys, Pa. 
Balacek, F. P., Bell Telephone Laboratories, Inc., 
New York, N. Y. 
Booth, R. H., Worthington Pump and Machinery 
Corporation, Seattle, Wash. 
Bunten, G. E., Bureau of Power and Light, Los 
Angeles, Calif. 
Carter, C. W., Jr. (Member), Bell Telephone Labo- 
ratories, Inc., New York, N. Y. 
Christensen, E, F., General Electric Company, 
Pittsfield, Mass. 
Clemens, G. J., City College of New York, New 
Work, Nove 
Clements, S. E., Iowa State College, Ames. 
Cookman, F. W., Portland General Electric Com- 
pany, Portland, Ore. 
Couch, W. H., Hickok Electrical Instrument Com- 
pany, Cleveland, Ohio. 
Davis, J. 1. (Member), Commonwealth Edison Com- 
pany, Chicago, Ill. 
de Carvajal, A. R., National Broadcasting 
Company, New York, N. Y. 
aes ke N., Ohio Public Service Company, Mans- 
e 
Dillon, H. M., Nelson Electric Supply Company, 
Oklahoma City, Okla. 
Dlouhy, F. S., Oklahoma Gas and Electric Com- 
pany, Oklahoma City. 
Doolittle, J. W., Southwestern Bell Telephone Com- 
pany, Oklahoma City, Okla. 
Dwyer, R. C., Bonneville Project, Portland, Ore. 
Ennis, J. G., Florida Power and Light Company, 
Miami. 
Gandy, T. O., Oklahoma Gas and Electric Com- 
pany, Ardmore. 
Gartner, H. C., Cincinnati Gas and Electric Com- 
pany, Cincinnati, Ohio. 
George, E. L., Southern Bell Telephone and Tele- 
_ graph Company, New Orleans, La. 
Glidewell, J. A., Western Union Telegraph Com- 
pany, Dallas, Texas. 
Greenleaf, E. R., The Chesapeake and Potomac 
; Telephone Company, Washington, D. C. 
Griffin, W. H. (Member), Southwestern Creosoting 
a shea ee ReaeE Okla. 
achemeister, C. A., City College of New VY 
New York, N. Y. ‘ ; at 
Hall, E. R., General Electric X-Ray Corporation 
San Francisco, Calif. : 
ee K., Duke Power Company, Charlotte, 
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Hartman, T. W., Cleveland Public Schools and 
Fenn College, Cleveland, Ohio. 
Haynes, H., General Electric Company, Cleveland, 


Ohio. 

Hayward, H. O. F., British Columbia Electric Rail- 
way Company, Vancouver, B. C., Canada. 
Hendricks, R. M., Southern New England Tele- 

phone Company, New Haven, Conn. 
Hinshaw, E. G., Indiana Bell Telephone Company, 
Indianapolis. 
Hobbs, E., Chesapeake and Potomac Tele- 
phone Company, Richmond, Va. 

Hofer, H. T., Public Service Company of Colorado, 
Denver. . ‘ 
Hoover, J. W., International Business Machines 
Corporation, Endicott, N. Y._ “ 

G. White Engineering Corporation, 


New Orleans, La. i 

Limpus, L. M., Oklahoma Gas and Electric Com-. 
pany, Oklahoma City. 

Llewellyn, M. R., Southern Utah Power Company, 
Cedar City, Utah. : 

Mackie, F. W., Southwestern Light and Power 
Company, Lawton, Okla. — 

Million, E. J., Southwestern Light & Power Com- 
pany, Clinton, Okla. 

Moench, T. S., American Telephone and Telegraph 
Company, Buffalo, N. Y. 

Morningstar, M. B., E. 2013 Mallon Avenue, Spo- 
kane, Wash. ? 

Moses, B. S., Pacific Gas and Electric Company, 
San Francisco, Calif. A 

Muir, W. L., Nelson Electric Supply Company, 
Oklahoma City, Okla. 

Neal, E. F., Southwestern Light and Power Com- 
pany, Lawton, Okla. : 

Nichols, C. E., Tennessee Valley Authority, 
Knoxville, Tenn. , : 

Nicholson, A. J., Kansas City Power and Light 
Company, Kansas City, Mo. 

Patterson, J. McG., Delgado Trade School, New 
Orleans, La. 

Pearman, M. N., Chesapeake and Potomac Tele- 
phone Company, Richmond, Va. 

Pickrell, D. H., Southwestern Bell Telephone Com- 
pany, Oklahoma City, Okla. 

Pierce, H. F. (Member), Maurice H. Connell and 
Associates, Miami, Fla. 

Poillion, C. B., Delgado Central Trades School, 
New Orleans, La. 

Plumley, H. J., Commonwealth Edison Company, 
Chicago, Il. 

Roth, J. D., Ohio Carbon Company, Cleveland. 

Rubel, W. L. (Member), Memco Engineering and 
Manufacturing Co., Long Island City, N. Y. 

Rudden, F. J., Memco Engineering and Manufac- 
turing Company, Inc., Long Island City, N. Y. 

Ryan, J. A. (Member), 4 Irving Place, New York, 
TY, 


Schricker, J. L., General Electric Supply Corpora- 
tion, Salt Lake City, Utah. 

Schwarz, J., Brooklyn Edison Company, Brooklyn, 
Nay. 


Secord, R. E., Narragansett Electric Company, 
Providence, R. I. 

Simmons, R. P., Cowles and Company, Dallas, 
Texas. 

Snider, F. C., Hickok Electrical Instrument Com- 
pany, Cleveland, Ohio. 

Steck, H. L., Southern California Edison Company 
Ltd., Long Beach, Calif. 

Taylor, J. J. (Member), Detroit Edison Company, 
Detroit, Mich. 

Thomas, G. B., Jr., New York University, New 
York, N.Y; 

Thomson, R. E., Henderson County Rural Electric 
Association, Henderson, Ky. 

Vanoli, J. J., Consolidated Edison Company of 
New York, Inc., New York, N. Y. 

Walton, A. W., Oklahoma Gas and Electric Com- 
pany, Oklahoma City. 

Wells, C. H., General Electric Co., Pittsfield, Mass. 

Wheeler, W. R. (Member), American Telephone 
and Telegraph Company, Philadelphia, Pa. 

Whitehouse, A. B. (Member), Lynn Gas and Elec- 
tric Company, Lynn, Mass. 

Withington, W. G., General Electric Company, 
Baltimore, Md. 

Wittenburg, H. W., Sangamo Electric Company, 
Los Angeles, Calif. 

Zabaro, D., Bureau of Power and Light, Los 
Angeles, Calif. 


Total, United States and Canada—79 


Elsewhere 


Chakraverty, N. C., Nowrosjee Wadia College, 
Poona, India. 

Currie, J. A. (Member), C. A. Sothers Ltd., Bham, 
England. 

Dubusc, R. P. (Member), Cie. pour la Fabrication 
__ des Compteurs, Montrouge (Seine), France. 
Jain, I. D., The British Insulated Cables Ltd., 

Calcutta, India. 
Krishnaswami, P,, 
Madras, India. 
Porter, J. H., Metropolitan Vickers Company Ltd., 
Manchester, England. 
Bagiet oe econ V., 86 Central Avenue, Calcutta, 
ndia. 
Warder, S. B. (Member), Southern Railway Com- 
pany Waterloo, London, England. 


Total elsewhere—8 


C. N. Technical Institute, 
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list of members whose mail has been returned 
the postal authorities is given below, with the 
iresses as they now appear on the Institute 
cord. Any member knowing of corrections to 
eres, sactenses wil Boal communicate them at 
i office o e secret at 33 

-, New York, N. Y. By, eerie 


Barrett, Earl J., Don Pedro Dam, La Gran e, Calif. 
pack, Kenneth H., 916 Yale Ave., S.. Seattle, 


; ash. 

De Lay, R. E., 77 Prospect Ave., Long Beach, Calif. 
Gademann, Oscar M., Stuttgarterplatz 1A-11 
Berlin-Charlottenburg, Germany 


ae 


of 


‘New Books 
in the Societies Library 


_ Among the new books received at the Engineer- 
ing Society Library, New York, recently are the 
following which have been selected because of 
their possible interest to the electrical engineer. 
Unless otherwise specified, books listed have 
been presented gratis by the publishers. The 
Institute assumes no responsibility for statements 
made in the following outlines, information for 
which is taken from the preface of the book in 
question. 


\ 


DEMONSTRATION EXPERIMENTS in 
PHYSICS. Edited by R. M. Sutton, prepared 
under the auspices of the American Association of 
Physics Teachers. New York and London, Mc- 
Graw-Hill Book Company, 1938. 545 pages, 
illustrated, 9 by 6 inches, cloth, $4.50. A collec- 
tion of lecture experiments for the use of high school 
and college teachers of physics and general science. 


TRANSFORMER ENGINEERING. By L.F. 
Blume, G. Camilli, A. Boyajian and V. M. 
Montsinger; edited by L. F. Blume. New York, 
John Wiley and Sons, 1938. 496 pages, diagrams, 
charts, tables, 9 by 6 inches, cloth, $5.00. De- 
signed to assist engineers in the specification, selec- 
tion, application, and operation of transformers. 
Emphasizes the essential physics of each problem. 


TRANSFORMATOREN mit STUFENREGE- 
LUNG UNTER LAST. By K. Bolte and R. 
Kiichler. Munich and Berlin, R. Oldenbourg, 
1938. 182 pages, illustrated, 10 by 6 inches, cloth, 
9.60 rm. Discusses the theory, construction, and 
use of transformers equipped with tap changers. 


ENGINEERING MECHANICS. By S. 
Fairman and C. S. Cutshall. New York, John 
Wiley and Sons, 1938. 267 pages, diagrams, 


tables, 9 by 6 inches, cloth, $2.75. Presents only as 

. much material as can be covered conveniently in a 
basic course. Contains the customary treatment 
of statics and kinetics, numerous problems being 
included. 


DECIBELS and PHONS, a Musical Analogy. 
By L.S. Lloyd. London, New York, and Toronto, 
Oxford University Press, 1938. 18 pages, tables, 
9 by 6 inches, paper, $0.50. An explanation of 
the meaning of the terms “‘phon’’ and “‘decibel” 
by considering the phon as a loudness-interval, 
comparable to the musical interval of a major 
third, and the decibel as representing the energy- 
interval which produces the phon. 


BIBLIOGRAPHY on INDUSTRIAL RADIOG- 
RAPHY. (Document 1139.) By H. R. _Isen- 
burger, Washington, D. C., American Docu- 
mentation Institute, 1938. 52 pages, typewritten, 
12 by 9 inches, paper, $0.72 in microfilm, or $3.32 
in black and white prints. Supplement to St. John 
and Isenburger’s book, ‘‘Industrial Radiography”’; 
contains 776 references, arranged chronologically, 
covering material from early 18th century general 
theory to recent applications. 


ATOMIC STRUCTURE. By L. B. Loeb. 
New York, John Wiley and Sons, 1938. 446 pages, 
illustrated, 9 by 6 inches, cloth, $4.50. Intended 
to supplement a basic course in physics and to 
provide students who have a working knowledge 
of calculus with a thorough grounding in atomic 
structure. 


APPLIED MECHANICS. By H. F. Girvin. 
Scranton, Pa., International Textbook Company, 
1938. 336 pages, diagrams, tables, 9 by 6 inches, 
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cloth, $3.00. So arranged that the chapters cover- 
ing graphical solutions may be used as a text for a 
course in graphic statics, being segregated from 
the purely mathematical treatment, 


ADVANCED MATHEMATICS for ENGI- 
NEERS. By H. W. Reddick and F. H. Miller. 
New York, John Wiley and Sons, 1938. 473 pages, 
diagrams, charts, tables, 9 by 6 inches, cloth, $4.00. 
Discusses differential equations, vector analysis, 
probability, operational calculus, and the more 
complex mathematical functions and series, em- 
phasis being placed on physical applications by 
lustrating each principal topic by problems relat- 
ing to civil, electrical, mechanical, and chemical 
engineering. 


WIRELESS SERVICING MANUAL. By W. 
T. Cocking. Fourth revised edition. London, 
The Wireless World, Iliffe and Sons, Ltd., 1938. 
278 pages, illustrated, cloth, 5s. 5d. Covers the 
principles and practice of the repair and adjust- 
ment of wireless receivers. A chapter is devoted 
to television receivers. 


VDI-JAHRBUCH 1938. Die Chronik der 
Technik, edited by A. Leitner of VDI. Berlin, 
VDI-Verlag, 1938. 312 pages, 8 by 6 inches, 
paper, 3.50 rm. Contains nearly 100 reports on 
developments during 1937 in various branches of 
engineering and technology. 


TECHNICAL PROGRESS and UNEMPLOY- 
MENT. Studies and Reports, Series C (Employ- 
ment and Unemployment) No. 22. By E. Lederer. 
Geneva, Switzerland, International Labor Office, 
1938. 267 pages, tables, 10 by 7 inches, paper, 
$1.50 (obtainable from United States branch, 
Washington, D. C.). An analysis of the social 
and economic effects of technical progress, es- 
pecially on unemployment and the formation of 
capital. Discusses the various forms of technical 
progress, the concept of technological unemploy- 
ment, increasing and diminishing returns, the 
equilibrium of the labor market, the effects of 
technical progress on the economic system and the 
labor and capital market, the elasticity of modern 
monetary systems, technical improvements and the 
business cycle, and capital-saving technical im- 
provements. 


(The) SCIENCE of PRODUCTION ORGANI- 
ZATION. By E. H. Anderson and G. T. Schwen- 
ning. New York, John Wiley and Sons, 1938. 
282 pages, 9 by 6 inches, cloth, $3.50. Devoted 
mostly to the physical organization of work through 
operation study or job analysis and to the various 
types of organization of workers within small 
departments, plants, or whole enterprises. Dis- 
cusses briefly larger aspects of the production 
problem. 


RADIO LABORATORY HANDBOOK, By 
M. G. Scroggie. London, Wireless World, Iliffe 
and Sons, 1938. 384 pages, illustrated, 8 by 5 
inches, cloth, 8s. 6d. Prepared with special con- 
sideration of the needs of amateurs and laboratory 
workers. Discusses fundamental principles, sources 
of power and signals, measurements, and certain 
specialized types of work, such as ultrahigh 
frequency. 


PHOTOELECTRIC CELL APPLICATIONS 
By R. C. Walker and T. M. C. Lance. Third 
edition. New York and Chicago, Pitman Pub- 
lishing Corporation, 1938. 336 pages, illustrated, 
9 by 6 inches, cloth, $4.00. Restricted to discus- 
sion of the alkali-metal cell (with some reference 
to the rectifier cell). Describes the circuits used 
in counting and handling devices, alarms, sound 
reproduction, phototelegraphy, television, and 
miscellaneous applications. 
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MARCONI, the Man and His Wireless. By O. 
FE. Dunlap, Jr. Revised edition. New York, 
Macmillan Company, 1938. 362 pages, illustrated, 
9 by 6 inches, cloth, $3.50. The life of Marconi 
is portrayed against the background of his inven- 
tion, The resulting biography constitutes a 
history of radio as well. 


_ ENGINEERING TERMINOLOGY, | Defini- 
tions of Technical Words and Phrases. By V. J. 
Brown and D, G. Runner. Chicago, Gillette 
Publishing Company, 1938. 310 pages, illustrated, 
diagrams, 9 by 6 inches, cloth, $3.50. A list of 
terms often used in technical writing and speci- 
fications, with definitions obtained from the usage 
of various trade and engineering organizations. 
The terms erry especially to civil engineering and 
architecture, ontains also a concise Spanish- 
English and English-Spanish dictionary of highway 
terms, a brief German-English dictionary of terms 
for mineral aggregates, and several tables of tech- 


nical symbols, abbreviations, and conversion 
factors. 
ELECTROMAGNETICS, By A. O’Rahilly, 


with a foreword by A. W. Conway, London, 
New York, and Toronto, Longmans, Green, and 
Company, 1938. 884 pages, diagrams, tables, 
9 by 6 inches, cloth, $12.50. A critical review of 
the classical theory of electricity, discussing funda- 
mentals, and the work of the men who have had 
an important influence on the thought and action 
in this field of physics. Contains two chapters in 
which a radical exposition of the meaning of the 
symbols of physics is worked out and the question 
of basic units and dimensions is discussed. 


ELECTRIC POWER CIRCUITS, Theory and 
Applications, Volume 2, POWER SYSTEM 
STABILITY. By O. G. C. Dahl. New York 
and London, McGraw-Hill Book Company, 1938. 
698 pages, diagrams, charts, tables, 10 by 6 inches, 
cloth, $7.00. Contains several chapters on each 
of the following topics: steady-state power limits, 
steady-state stability and transient stability, con- 
sidering carrying conditions and different methods 
of analysis. Other chapters cover load character- 
istics, circuit equations for faulted networks, 
exciter analysis, damper windings, inertia, and 
grounding. 


EDISON’S OPEN DOOR. By A. O. Tate. 
New York, E. P. Dutton and Company, 1938. 
320 pages, 9 by 6 inches, cloth, $3.00. An informal 
account of Edison during one of the most dramatic 
periods of his life, based upon personal knowledge. 
Many other interesting characters and events are 
discussed. 


DIRECT-CURRENT MACHINERY. 
C. McFarland. Scranton, Pa., International 
Textbook Company, 1938. 439 pages, diagrams, 
charts, tables, 9 by 5 inches, leather, $4.00. 
Physical pictures of the assemblies are first pre- 
sented, then operating characteristics and control, 
proceeding from no-load characteristics to load 
characteristics are discussed. Material on the 
no-load saturation curve and armature reaction 
is included. 


GASEOUS ELECTRICAL CONDUCTORS. 
By E. L. E. Wheatcroft. Oxford, England, Claren- 
don Press; N. Y., Oxford University Press, 1938. 
265 p., illus., 10 by 6 in., cloth, 21s. $6.50 U.S.A. 
For the technical man interested in vacuum tubes 
and similar apparatus; discusses first the funda- 
mental facts of atomic structure, ionization, and 
emission. Succeeding chapters cover modern views 
on the nature of glow, corona, arc and spark, and 
final chapters deal with the application of the princi- 
ples to various types of apparatus, such as vacuum 
and gas-filled tubes, rectifiers, circuit-breakers, and 
lamps. 
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esign and Test of High-Speed High-Interrupting-Capacity 
| Railway Circuit Breaker 


MEMBER AIEE 


By WILFRED F. SKEATS 


- 
' HIS PAPER describes an oil circuit breaker built to 
the following specifications: 


BE EGR VOMA SC SEINE Seca rg hes coh 5a SR wok Das tes 15,000 volts 
BEPETHCIN DONE eRe Gch ten eG ic he oak abes caeN eis 1,500 amperes 
BEOPLCTIC WCEP ta ero ees lk. ova ws tea lives 25 cycles 
Breritipning LCApACicye cg) Akt nics b ckle< Sus cs so hicane 65,000 amperes 


Over-all duration of short circuit 1 cycle 


Being intended for railway trolley service, which is rather 
severe from the standpoint of frequency of short-circuit 
operation, it is expected to handle 50 short-circuit opera- 
tions without internal inspection or change of oil. 

Like breakers of somewhat lower interrupting rating 
previously supplied for this type of duty,' this breaker 
operates upon the impulse principle. A spring-driven 
piston forces a blast of oil across the arc, bringing about its 
extinction with a very small contact separation, and thus 
resulting in an are of very short duration. The arrange- 
ment differs from that previously used in two important 
respects: 


1. The earlier breakers used the radial blast, in which the oil moves 
in radially upon the are and exhausts through a hole in one of the 
contacts; the present breaker employs the cross blast, in which a 
passage causes the oil to sweep directly across the are path. 


2. Inorder to supplement the action of the piston at high currents, 
a short pressure-generating break has been added. A check valve 
is employed to prevent the additional pressure from this break from 
being expended in reversing the piston. 


The manner in which these operations are performed is 
shown in figure 1, which is a sectional view of the lower 
part of the breaker. While the breaker is in the closed 
position, the moving contact 1 presses against the inter- 
mediate contact 2, holding it, in turn, against the station- 
ary contact 3. The piston 4 is at the upper end of its 
stroke. Upon tripping, the moving contact moves rap- 
idly upward and the intermediate contact follows to the 
limit of its stroke. At the same time, force is applied to 
the piston and at moderately low current values it starts 


Paper number 37-163, presented at the AIEE Middle Eastern District meeting, 
Akron, Ohio, October 13-15, 1937, and recommended for publication by the 
AIEE committee on protective devices. Manuscript submitted October 13, 
1937; released for publication April 2, 1938. 

WIirreEp F. SKEATS is technical assistant to engineer, General Electric Company, 
Philadelphia, Pa. 


1. For numbered reference, see end of paper. 
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downward, forcing oil ahead of it down the piston cylinder 
up through the check values 5, through the contact cham- 
ber, and through the horizontal passage 6 in the baffle 7. 
This passage leads the oil directly across the arc path at 8 
and exhausts both oil and gases from the arc into the air 
space at 9. The velocity of the oil through the cross-blast 
passage is augmented slightly by the action of the pressure- 
generating break. 

At high currents, the performance differs in that the 
pressure generated by the pressure-generating break is 
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Figure 1. Sectional view of piston and interrupting element 


greater than that caused by the piston. The pressure- 
generating break then supplies all of the oil for the blast 
and the check valves remain closed and so prevent oil 
from the contact chamber from flowing down through them 
instead of through the cross-blast passage. 

Control of the length of the pressure-generating arc is 
accomplished, as shown in figure 2, by means of the metal 
ring 2 placed around the stationary contact 1 and so ar- 
ranged that any current brought to it by the arc is led 
radially outward as indicated by the arrows. When the 
are strikes the ring, this current path sets up a magnetic 
field which tends to move the arc back to the stationary 
contact. Thus the length of the arc can never greatly ex- 
ceed the separation of the contacts. 
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The mechanism is similar in principle to that used in the 
earlier breaker. It is shown schematically in figure 3. 
Energy for both the closing and opening operations, as well 
as contact pressure in the closed position, is supplied by the 
spring 1. When the breaker is charged and open, this 


Figure 2. Arc- 
control arrange- 
ment at pressure- 
generating break 
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spring is restrained by the cam 2 operating through the 
pitman crank 3 and the pitman 4 to support pin 5, and in 
combination, a stop limiting the upward motion of the 
contact rod. In order to close the breaker, the cam is 
rolled over the top, releasing the pin 5. Roller 7 is now 
supported by the prop 6 but the links are free to move ina 
general downward direction until the contacts meet. 

Then when the breaker is tripped open, the prop 6 is 
pushed out of position and the link 8 is free to rotate in a 
clockwise direction under the influence of the spring. This 
gives rise to an upward force on the contact rod, separat- 
ing the contacts, and a downward force on the piston, 
creating the oil blast. 

Immediately following the opening operation, a motor 
operating through a gear reduction mechanism turns the 
cam through about 300 degrees, which recharges the 
spring, placing the breaker in position to be reclosed in 
about seven seconds from the time of tripping. 

The breaker and its control panel are assembled in the 
factory in a steel housing, with a door in front opening 
into the breaker compartment and a door in the rear open- 
ing upon the control panel. Figures 4 and 5 show the 
front and rear views with the doors open. 

The testing of this breaker presented an interesting prob- 
lem. In a one-cycle breaker, the severity of the duty is 
associated, to a large extent, with what may be called the 
waiting period, that is, the period after the breaker has set 
up conditions for clearing and while it is waiting for a cur- 
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rent zero. It is obvious that the duration of this period is 
largely dependent on the frequency. Hence it is essential 
that the test frequency be the same as that at which the 
breaker is to be applied. As this was only 25 cycles while 
the normal testing-plant frequency is 60 cycles, the testing- 
plant generator had to be slowed down to about 40 per 
cent of its normal speed with a corresponding reduction in 
the output. Under these conditions the power available 
from the plant by the conventional testing circuit was only 
about 30 per cent of the breaker rating. 

To overcome this situation, a special testing circuit 
similar to that used on the 287-kv breakers for the Boulder 
Dam-Los Angeles transmission line was employed. In 
addition to the breaker under test and the generator, this 
circuit comprises an auxiliary breaker with the same char- 
acteristics as the breaker under test, a transformer, a 
sphere gap, and, for the present tests, a synchronous clos- 
ing switch, all arranged as shown in figure 6. The opera- 
tion of this circuit is as follows. Initially the auxiliary 
breaker and the test breaker are in the closed position, and 
the synchronous closing switch is open. In order to initi- 
ate the short circuit, the synchronous closing switch is 
closed, and current flows through the auxiliary breaker, the 
test breaker, and the synchronous closing switch in series, 
and the full short-circuit current of the 3,000-volt genera- 
tor connection is available. The test breaker and the aux- 
iliary breaker both trip promptly and, in about three- 
quarters of a cycle, both set up conditions to clear the 
circuit on the next current zero. 

With the breakers operating according to specification, 
the circuit is cleared in both at this current zero and in a 
few microseconds the voltage at the generator terminals 


Figure 4. Breaker 
assembled in 
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has risen to approximately its normal peak value. This 
voltage is also applied at the low voltage terminals of the 
transformer, stepped up by the transformer in accordance 
with its ratio, and applied to the gap combination. This 
is sufficient to break down the gap and the transformer 
voltage is then applied to a point between the two breakers. 
_ Thus it appears directly across the test breaker. This en- 
tire process takes place, as shown by the cathode-ray os- 
- cillograph, within about 25 microseconds after the current 
reaches its zero value, or in about half the time required 
for the 10,000-cycle recovery transient to reach its first 

peak. 
_ Thus, except for a period of about 25 microseconds dur- 
_ing which no current normally flows and the voltage across 
the breaker is comparatively low, current interrupted by 
the breaker and recovery voltage are the same as in an 
operation at full voltage and full current. 

For proper operation of the circuit, it is necessary that 
the gap combination should not break down appreciably 
before the time of current zero, and as the are voltage when 
stepped up by the transformer ratio, had occasional volt- 
age surges comparable with the recovery voltage in magni- 
tude, a special gap arrangement was introduced to insure 
proper operation. 

The design of this arrangement was facilitated by the 
fact that the breaker always interrupted after either one or 
two loops of current, according to the point on the voltage 
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Figure 5. Rear 
view of housing 
showing control 

panel 


wave at which the short circuit struck. Since both the 
point on the voltage wave and the polarity of the first loop 
of short-circuit current were subject to control by the syn- 
chronous closing switch, it will be obvious that the polarity 
of the last loop was likewise controllable. The gap ar- 
rangement consisted of two sphere gaps in series shunted 
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by equal resistances of about 120,000 ohms, but one of the 
two gaps was also shunted by a resistance of 1,000 ohms in 
series with a rectifier, the polarity of the rectifier being 
made such as to prevent current flow in response to arc 
voltage, but to permit flow in response to recovery voltage, 
which is of the opposite polarity. 

Thus during the arcing period, the voltage is substan- 
tially equally divided between the two gaps by the higher 
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Figure 6. Special testing circuit 


resistances and the combination has a maximum break- 
down strength. For the recovery voltage, however, one 
gap is shunted by a resistance of only 1,000 ohms, so that 
practically all of the applied voltage appears across the 
other gap. When this gap breaks down, the transformer 
supplies voltage to the breaker through a resistance of 
1,000 ohms, which is low enough so that the drop across it 
is negligible, and thus, in effect, the gap combination 
breaks down on recovery voltage at about half the value 
required on arc voltage. As a matter of interest, the sec- 
ond gap usually breaks down either immediately or after 
about 50 microseconds when the voltage is falling in the 
second half of the first recovery oscillation. 

The magnetic oscillograms of figure 7 and the cathode- 
ray oscillogram, figure 8, indicate the performance of both 
breaker and circuit. Curves 3 and 6 show the short-cir- 
cuit current, which has a very small minor loop followed 
by a large major loop. Within 0.05 cycle after the start 
of the major loop, the trip current responds, and at 0.6 
cycle, motion of the contact rod starts (curve 2). Pres- 
sure (curve 7) is quickly generated by the primary break, 
and at the end of the first cycle the circuit is cleared. Curve 
5 shows the voltage across the breaker, and it will be noted 
that the appearance of the curve immediately after inter- 
ruption is no different from that corresponding to a con- 
ventional test at 12,500 volts. 

The application of voltage to the breaker immediately 
after interruption is shown in more detail by the cathode- 
ray oscillogram. Two curves are shown on this record. 
The lower curve shows the voltage at the transformer side 
of the gap. Irregular oscillations occur in this curve dur- 
ing the arcing period; then, at the cessation of current, the 
voltage changes its polarity and swings into the recovery 
oscillation. A slight discontinuity is noticeable in this 
curve as it rises to the first peak of this recovery oscilla- 
tion. This indicates the time of breakdown of one gap. 
Another discontinuity slightly after the peak indicates 
the breakdown of the second gap. 
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The upper curve shows the voltage across the breaker. 
During the arcing period, the deflection is barely percepti- 
ble. As the recovery voltage rises, however, the first gap 
breaks down and from that time on, except for a short time 
after the first peak when the breaker voltage is somewhat 
higher than the transformer voltage, the breaker voltage 
follows the same course as that of the voltage on the trans- 
former side of the gaps. Thus the only period after cur- 
rent zero during which the voltage across the breaker is 
not at least as severe as that encountered on a 12,500-volt 
test is a very short time during the early part of the re- 
covery oscillation when both voltages are comparatively 
low. 

In a one-cycle breaker, the severity of the duty in a 
given test is likely to be a function of the point on the volt- 
age wave at which the short circuit strikes and may be the 
greatest at a point on the wave quite different from that 
which gives maximum displacement to the current wave, 
or maximum root-mean-square value of the total current. 


Figure 7. Magnetic oscillograms of an interruption at 12,500 
volts, 60,000 amperes by special testing circuit 


Curve 1—Trip-coil current 

Curve 2—Contact travel: one-fifteenth inch per step 
Curve 3—Current through breaker 

Curve 4—Piston travel: one-fifteenth inch per step 
Curve 5—Voltage across breaker 

Curve 6—Current through breaker 

Curve 7—Pressure in contact chamber 

Curve 8—Timing wave—60 cycles 


This was the case with the present breaker, and may be ex- 
plained roughly as follows. 

It may be expected that the severity of the duty will be 
a more or less direct function of the gas generation. . This 
will depend approximately upon the ampere-seconds from 
the time of contact separation to the time of interruption, 
which will usually be the next current zero. Now when 
there is decay of the d-c component, as is always the case, 
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and the contacts separate about 0.6 cycle after the incep- 
tion of short circuit, the situation is as shown in figure 9. 
Here curve a shows a current wave initially fully displaced, 


7 


d 


and curve } a current wave about 50 per cent displaced, — 


with the minor loop first. While curve a gives a higher 


root-mean-square value of current measured over the full 


duration, it comes to zero, on account of the decrement, 
somewhat before a full cycle has elapsed, and runs below 


curve b from 0.65 cycle on. Thus it gives a lower value of — 


ampere-seconds in the arc than curve b. The greatest in- 
ternal pressures were found to be generated in the breaker 


Figure 8. Cathode-ray oscillogram taken with figure 7 


’ Curve 1—Voltage across test circuit breaker 


Curve 2—Voltage at transformer side of gap 


in cases similar to curve b, and, as will be seen in the tabula- 
tion of tests given below, care was taken that this particu- 
lar condition was well represented in the test series. 

As railway service is likely to involve more frequent 
short-circuit operations than either central-station or in- 
dustrial service, these breakers were built to withstand a 
large number of short-circuit interruptions and the breaker 
was subjected to the complete series of tests shown in 
table I without changing contacts or oil. 

In all but one of these tests, the fault was cleared within 
one cycle after its inception. This exception was one of 
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Figure 9. Com- 
parison of fully 
displaced current 
wave with 50 per 
cent displaced 
wave having 
minor loop first 
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the light-current tests which started with a minor loop too 
small to trip the breaker. The breaker tripped on the 
second loop, however, and cleared the circuit on the third. 

Figure 10 shows the condition of the contacts after test, 
and it will be noted that the burning is quite moderate for 
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plant capacity, has more than overcome the handicap which the 
low frequency placed upon the testing plant. 


Reference 


1, Tue IMpuLse Hick Speep Circurr BrraKker, W. K. Rankin. G, E, Re- 
view, volume 34, October 1931, pages 553-8. 


Discussion 


J. B. MacNeill (Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): The method of testing oil circuit 
breakers with a high current at low voltage followed immediately 
dl - ‘ as) after the interruption by the superposition of high voltage across 
Figure 10. Contacts from impulse oil circuit breaker, the open contacts of the switch is questionable, because ie condi- 
15,000 volts, 1,500 amperes, after test tions in the are as the current approaches zero are different when 
this scheme is employed from the conditions that would apply under 
a circuit giving the same amount of current at the high voltage 


rhe large number of severe short circuits int pted. initially. We are all hoping that ways will be found for improving 
circuit breakers for large interrupting capacities by the use of rela- 


Following the short-circuit tests, and without changing tively small testing equipments, as the handling of switchgear busi- 
the oil or any breaker parts, a high-potential test was ap- ness with a normal cost probably will demand something of this 
plied to the breaker resulting in a breakdown at 49 ky. kind for the future. The greatest care must be used, however, to 
The path at this breakdown, however, was through a hole sure reliability of such “synthetic” methods. 


. : c A ‘ eh : A review of past test experience will throw some light en this 
hich was drilled in the insulating lining to permit pres- 4 , 
ag 8 ya Sigs subject. It is definitely known that test circuits vary in severity 


sure measurement during the interrupting-capacity tests ang that circuit interrupters which are wholly adequate on some 
and when a sound lining was used together with the oil circuits are entirely inadequate on others. The speed of restored 
voltage and the maximum value to which restored voltage goes are 
major factors. However, the condition in the arc as the current 
Table |. Tests approaches zero is influenced by the voltage available across the 

circuit during the interruption and must be given consideration. 
Let us look at data taken on the same circuit breaker on two 


Ales . Opening or different test laboratories with practically the same applied voltage 
of Closing- Testing Point on and approximately the same currents interrupted. Table I shows 
are) Lpening WoBace _ Larcent magia) Wottage Ware such a comparison, with the arcing time on the more severe labora- 
tory averaging 3.2 cycles and on the less severe laboratory averaging 
10...... CO... 12,500.. 3,400— 5,500..Conventional... Random 2.1 cycles. Again, table II shows a similar comparison on a circuit 
20 [Ore ee 3,000. .38,000—70,000. . Conventional... Random 
Mis we O.....3,000/12,500. .36,000-68,000..Special........E qually 
spaced over 180 
degrees 
Oui teh, ~'s O.....3,000/12,500.. Approx. 40,000. Special........Selected for Table |. Low-Current Tests 
highest tank 
pressure 100,000 Kva, 15-Kv Breaker 
oe O.....3,000/12,500.. Approx. 67,000.Special....... . Selected for = = = = = 
maximum dis- Laboratory 1 Laboratory 2 
placement 
Test number...........35702...35703. . .2-5807. . .2-5809. .2-5809. .2-5810 
VOUASE cones sine stank, O00rs ne, 000m. 13,200...13,200...13,200...13,200 
e : : BOO i GOs s sie GOOF on QOD Goo LOO id ce 
from the interrupting-capacity tests, the breaker withstood Current (amperes)...... 4 880. ..1,060.... Three... Three... Three... Three 
e 870...1,300.... Phase... Phase... Phase...Phase 
54 kv for 55 seconds. Duration of arcing CNG pee mee terk ee aU Mer aan ee a8 
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After the first high-potential test, a heat run was made (cycles) Neues a een ae eta 
on the breaker, using the burned contacts and the dirty Average current....... 960. rere, 1,050 
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Average arcing time. 


oil, with a maximum temperature rise of 28 degrees centi- ee ee ee 
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grade.. 
° Table Il. Medium-Current Tests 
Conclusions . eee ee bad! PO ee be ee ee 
E ’ Laboratory 1 Laboratory 2 
On the basis of the foregoing, the following conclusions : “ _—— hs 
may be drawn: Test number..........-35706...35707. .. 2-5811, .2-5812. . 2-5813. . 2-5814 
J Voltagé., if .,......,12,000:.. 12,000). 18,200, .°18,200 eet He a0e 
: i am the breaker has shown 2,870..3,120....2,500... .2,500....3,500....3,5 
Qe exceptionally Oe: aes eal : se eee ded, int Current (amperes)... J 2.910..2,410....0hree,.. Three... Three. . Three 
itself adequate for the severe service for which it is inten ed, as er- ) Dee sai parade eae hag. SP hase 
rupting currents from 3,000 amperes beyond its rating Of 05, 000 ian eationlotarciag J 2-0...2.0 Be 5 3.0 3.0 
+ 4 ; > 5 9 8.5 any es Ie 
amperes within one cycle, over 50 times without inspection of con- (CYCLES) acne cee ease \ rae . ma ae : : Re ge as 
tacts or change of oil. Average current................2,960 d -3,000 
: : Average arcing time............1.8..... o.8 
2. The testing scheme used, by a four-to-one increase of effective a hse 
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breaker tested in the same two laboratories with the same applied 
voltage and approximately the same currents interrupted. Here 
the average arcing time on the more severe laboratory is 3.3 cycles 
on a 60-cycle circuit and on the less severe laboratory is 1.8 cycles. 

These differences in arcing times result in wide differences of arc 
energy as the last half cycles carry more arc energy and more de- 
structive effects on the contacts and oil. If two laboratories de- 
signed for the same specific purpose of circuit breaker testing give 
such widely different results when operated at the same voltage 
and applying the same short-circuit current, then we are bound to 
have reservations on any wide extrapolation such as is caused by 
testing at a low voltage and superposing across the open contacts a 
voltage several times as great. If the device under test is good for 
the given current at the higher voltage, then of course the test 
method used is of secondary importance. If, on the other hand, 
there is doubt of the ability of the device to handle the current at 
the high voltage, very little added assurance is given of the ability 
of the device by the superposed voltage method. 

A preferred method of demonstrating the ability of higher power 
interrupters is that of dividing the interrupting device into several 
duplicate parts, each of which can be separately demonstrated to the 
limit of capacity to which it will be subjected on the complete 
apparatus. This requires means for assuring proper division of the 
duty between the several units, but such means have been ade- 
quately developed. For the present, however, service requirements 
do not call for extended subdivision of interrupting devices so that 
this method also like the one discussed by Mr. Skeats is of limited 
application. 

Any assumption made from tests on 3,000 volts alternating current 
looking toward verification of higher voltage devices must be care- 
fully reviewed. Three thousand volts alternating current is easy to 
switch, especially at high current. Under oil a plain break one inch 
long isadequate. Even in open air certain modifications of standard 
carbon breakers will do the work. This however, gives no feeling of 
security regarding 12,000-volt operation, which is a more difficult 
problem. 
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W. F. Skeats: Mr. MacNeill presents a table showing consider- 
able difference in the arcing times of the same breaker in tests in 
different laboratories, claiming this difference as evidence of un- 
reliability of the testing method described in the paper. However, 
an examination of the differences in testing conditions which might 
be responsible for this difference in behavior reveals three: 


1. A probable difference in the rate of rise of recovery voltage; 


2. A difference in the magnitude of recovery voltage as evidenced by the 
higher test voltage in the second laboratory; 


3. A somewhat higher system voltage during the period of current flow. 


Of these, items 1 and 2 are admitted by Mr. MacNeill to be of 
major importance, and they may be well simulated in the testing — 
method described. The third item must derive what effect it has 
from any.distortion introduced into the current wave by the increase 
in the relative importance of the arc voltage when the system voltage 
is decreased. In the usual case, this distortion is not great. On the 
basis of the evidence presented, therefore, it appears that the im- 
portant differences in Mr. MacNeill’s test conditions are those 
which can be readily taken care of in the test method described in 
the paper. 

Again, Mr. MacNeill points out that 3,000 volts alternating cur- 
rent is easier to switch than 12,000 volts and that any assumption 
based on tests at the lower voltage must be carefully reviewed before 
being accepted as valid with reference to performance of the tested 
device at the higher voltage. This is of course true, but here Mr. 
MacNeill does not even make the statement that the difference does 
not lie in the recovery characteristic, which is certainly where it is 
to be expected and which is simulated by the test method described. 

As a matter of fact, a few tests made on an early arrangement of 
the breaker by the conventional method and also at the same voltage 
and current, by the scheme described indicate this scheme to be 
somewhat more severe than the conventional method. This is 
attributed to the fact that this scheme overemphasizes the increase 
caused by the arc voltage amplitude of the recovery oscillations. 
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Printing Telegraph Operation of Way Wires 


By G. S. VERNAM 


i ea 


‘ Synopsis: Although most commercial telegraph trunk circuits have 
, been operated by printing telegraph methods for some years, Morse 
_ operation has been generally adhered to on way wires. Arrange- 
ments for operating way wires by printing telegraph have been 
_ developed, and are described. These include a polar simplex system, 
_ a neutral way-wire system, a code calling bell arrangement, and a 
_multistation customers’ printer circuit that provides secrecy by 
preventing the connection of more than one customer’s printer to 
the line at a time. The paper also describes a new single-line re- 
_ peater arranged to repeat polar as well as neutral signals, and a 
“dotter’’ for transmitting uniform test signals. 


between major cities over a network of trunk lines, 
usually operated by the multiplex printing telegraph 
method. These trunks terminate at main ‘‘relay offices” 
of the telegraph company, from which lines radiate to 
smaller cities and towns. Some of these radiating lines 
are direct trunks to cities having a considerable amount 
of traffic, and are equipped with start-stop printers, 
operated either single or duplex. In other cases, the 
traffic to a single place is not enough to justify exclusive 
assignment of a line conductor, and intermediate offices 
or ‘‘way stations” are connected into the circuit to increase 
the traffic load. Such circuits are called way wires. 

The manual or Morse method of operation has been used 
on these way wires, because of its simplicity and low line- 
signal frequency and because of the cheapness and ease of 
adjustment of the apparatus. The way-station operator 
will usually be the manager of the office, and to provide 
continuous service a second operator should be available 
to cover lunch periods and to permit the manager to take 
care of other business. 

The advent of telephone train dispatching and the 
increasing use of printers on commercial telegraph circuits 
and on private leased wires has reduced the supply of 
available Morse operators, so that it is becoming difficult 
to obtain Morse operators. It is usually better to hire a 
suitable manager, who can be trained easily and quickly 
to operate a printer. A messenger can learn in a short 
time to operate a printer well enough to act as relief 
operator. It is evident, therefore, that it is desirable 
in many cases to substitute printer operation of way wires 
for Morse. 

Another use for printing telegraph operation of multi- 
station circuits is for connecting private customers’ 
offices to a telegraph office, where the customers are lo- 
cated at a considerable distance from the telegraph office, 


C cevcen ai telegraph messages are transmitted 
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but are so placed that they can be connected in series on a 
single circuit. The total traffic received from all cus- 
tomers may justify the cost of such a line, where it would 
be uneconomical to provide a separate line to each custo- 
mer. In such cases, the system must be so arranged that 
messages to or from any customer cannot be copied by 
other customers’ printers on the same circuit. 


Multistation Leased Lines 


By “‘leased line” is meant the type of circuit used for 
so-called ‘“‘private wire service,’ where a subscriber 
contracts for the exclusive use of a telegraph circuit, over 
which he transmits and receives his own messages. 
Multistation leased lines have some points of similarity 
with the commercial telegraph way wires discussed in this 
paper, but in other respects their requirements are quite 
different. A previous paper! describes this ‘private 
wire service’ and points out the fact that the start-stop 
printer or teletypewriter is particularly suitable for this 
type of service because of its simple sending, receiving, . 
and timing arrangements, and its automatic ability to take 
care of varying lags in signals transmitted from any 
sending station to any receiving station. For the same 
reasons, the start-stop printer is suitable for way wires. 

In many cases the messages sent from any station on 
these private leased-wire circuits are intended to be re- 
corded at all other stations, as, for example in the case of 
press or police circuits. In other cases, messages are 
intended for a particular station and it may be desirable 
to use a selective calling arrangement. The Gill telegraph 
selector? has been used in some cases for automatically 
starting and stopping the printer motor at the desired 
station, when the proper code signal combination is 
transmitted. This type of selector usually operates on all 
message signals that pass over the circuit, but it does not 
close its contacts unless a particular combination of 
signals is received. This continual operation of the selec- 
tor mechanism causes wear and maintenance expense. 
This difficulty has been avoided in other selective 
calling systems? where telephone dials are used to 
operate step-by-step switches and relays. In these 
systems, the selective equipment is normally disabled 
while printing signals are being transmitted and is cut 
in by slow acting relays when the printers are shut down. 

These multistation leased line circuits may extend for 
long distances, through several telegraph central offices 
where telegraph repeaters are located, with trained per- 
sonnel for adjusting them. The individual stations are 
connected to these central offices over comparatively short 
loops, which present no severe transmission problems. 
The cost of the long line circuits and the large volume of 
traffic transmitted, justify the use of elaborate repeating 
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and selecting equipment, if these are needed to provide 
good service. 


Printer Way-Wire Requirements 


The requirements for operating printers over commercial 
telegraph way wires are quite different from those for 
operating over private wire multistation lines. These 
way wires extend from a main telegraph office, through 
one or more intermediate “‘way stations,’’ to a terminal 
office, which may also be considered as a way station. 
Traffic is exchanged between the main office and each way 
station, but messages are seldom, if ever, transmitted 
directly from one way station to another. 

The way stations are usually located at a considerable 
distance from any main telegraph office and skilled attend- 
ants are not available for balancing duplex sets or for 
making any but the most simple adjustments. For 
these reasons, the way-station apparatus must be simple 
and reliable. To compare favorably with Morse opera- 
tion, the cost of the equipment must be kept down, 
expensive selecting equipment which may require fre- 
quent maintenance attention should be avoided, and the 
power consumption should be reduced to a minimum. 

The best wires are not ordinarily assigned to these way- 
wire circuits. They are usually open-wire ground- 
return lines and are frequently subject to severe leakage 
during wet weather and to induced interference from other 
telegraph circuits or nearby power lines. Start-stop 
printer signals, at the usual transmitting speed of about 
60 words per minute, are approximately twice as fast as 
the usual Morse signals. For satisfactory printer opera- 
tion, signal distortion, particularly bias, must be kept 
below definite limits. These factors impose severe re- 
quirements on the system of signal transmission used, and 
in some cases make it necessary to use polar (+ and —) 
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Figure 1. Polar simplex—printing circuit 
signals. In other cases, the ordinary closed circuit 


neutral (make and break) system can be used. 

Means should be provided for calling the main office 
from any way station and for calling any particular way 
station from the main office, so that the printers can be 
shut down when not in use. This avoids having messages 
intended for one way station printed at all other stations, 
reduces the wear on the printer mechanisms and saves 
power. A simple code calling arrangement, with single- 
stroke a-c bells, is being used instead of selectors, so that 
no d-c supply is required during idle intervals at the way 
stations, except in a few cases where it is needed at 
terminal way stations for line current or for operating 
repeaters. 


Polar Simplex System 


In this system,’ polar (+ and —) signals sent from any 
one station are received by polar relays in series with the 
line at all other stations, and switching relays are pro- 
vided for automatically connecting and disconnecting the 
source of transmitting current to reverse the direction of 
transmission, so that a station formerly receiving can 
send back to a station that was formerly transmitting. 
Any receiving station can “‘break”’ or interrupt the sending 
station, the operation of the printers being exactly the 
same as on a single closed-circuit line. While sending 
polar signals from either terminal station, the line is 
grounded at the other terminal station; and while sending 
polar signals from an intermediate station, the line is 
grounded at both terminal stations. Whenever sending 
stops, the circuit returns to the normal, idle condition, 
with line current supplied from the main office. 

While the circuit is idle, all printer motors can be 
switched off, as well as the power rectifiers at all way 
stations. Any way station can call in, operating a signal 
lamp and buzzer at the main office, and the main office 
can call any way station by operating a single-stroke bell 
at each station. 


Figure 1 is a simplified diagram of that part of the circuit 


ELECTRICAL ENGINEERING 


that is concerned with sending and receiving printer 
signals. It shows a main office and one way station. 
The line may extend through several way stations, but as 
they are identical, only one is shown. Certain parts, such 
as call bells, signal relays, and the local operating circuits 
of the switching relays have been omitted from this figure 
to simplify the drawing. 
_ Negative “marking’’ battery is normally connected to 
the line at the main office. When the keyboard is oper- 
ated, pole changer PC transmits (+) spacing and (—) 
‘marking signals over the line. Polar line relay L re- 
sponds to these signals and operates the main office 
printer. Polar relay LB at the way station also responds 
and operates the way station printer. Switching relays 
: SS and RS, at the main office, operate and remain oper- 
ated until transmission stops. They have no effect 
_ however except to open the biasing winding circuit of 
relay L. Break relay B is held by a current through its 
lower winding equal to about one and one-half times the 
line current. If the line circuit has considerable capacity, 
_line current surges may operate this relay momentarily at 
the beginning of each spacing signal, but this will have no 
effect, as relay BC is of the slow-release type and the short 
circuits momentarily applied by relay B to relay PC occur 
at a time when its operating circuit is open at the key- 
board. 

Signals sent from the way station keyboard operate 
the printer magnet as well as pole changers PCA and PCB. 
Switching relay SS’ operates during the first spacing 
signal and remains operated until the way station operator 
stops sending. It switches the marking contact of PCA 
from ground to the (+) terminal of the rectifier. The 
rectifier is connected in series with the line and is reversed 
by the pole changers to transmit polar signals over the 
line toward the main office and also over the line toward 
the terminal way station. It should be noted that the 
direction of current in the line, for marking and spacing 
signals, respectively, is the same regardless of whether the 
main office or a way station is sending. 

Relay LB does not respond to signals from the pole 
changers at its own station, as marking signals trans- 
mitted through both windings in series hold its armature 
against the marking contact, and spacing signals are sent 
to line through only one winding while marking current 
continues through the other winding and is adjusted by 
rheostat HR’ to be about one and one-half times the line 
current. As in the case of relay B, relay LB may be 
operated momentarily by spacing current surges due to 
line capacity. This will open the circuits of the printer 
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magnet and pole changers at a time when they are already 
open at the keyboard contacts. 

As (—) battery is normally connected to the line at the 
main office, the first spacing signal from the way station 
reduces the line current approximately to zero, at first, 
instead of reversing it. Relay L is now operated, how- 
ever, by biasing current through its lower winding, regu- 
lated by rheostat BR to be only slightly less than the 
normal line current. Relay L immediately grounds the 
line through the winding of relay G, allowing the line 
current to reverse. Relay G operates switching relay RS 
(over circuits not shown). Relay RS, which remains 
operated as long as relay L responds to signals, discon- 
nects the (—) battery from the line and grounds the line 
through both windings of relay L. Relay L operates the 
main office printer magnet causing the printer to record 
the message being transmitted from the way station. 

When the way-station operator stops sending, relay 
RS releases and applies battery to the line at the main 
office and relay SS’ releases and disconnects the rectifier 
from the marking contact of PCA at the way station, so 
that the circuit is automatically restored to its normal idle 
condition with line current fed only from the main office. 
Relay RS is timed so that it always releases before relay 
SS’, so that marking signal current is always applied to 
the line at the main office before it is rernoved at the way 
station. If the way station operator sends in a slow or 
hesitant manner, relay RS may release occasionally during 
the message. The momentary double strength marking 
current will have no bad effect, however, as relay RS 
applies the bias current to relay L at the same time. 

Relay P is operated by direct current from the rectifier. 
It serves to disconnect the way station printer set from 
the line when the power is switched off. The arrangement 
is such that any way station set can be switched on and off 
without momentarily opening the line or otherwise inter- 
fering with other stations that may be using the line. 

Any station can interrupt transmission from another 
station by operating any key on the keyboard several 
times in succession or by opening the keyboard circuit 
with a push button “‘break’’ key such as that shown at the 
way station. When a spacing signal from the “‘breaking”’ 
station occurs at the same time as a spacing signal from 
the transmitting station, the double strength current in 
the line operates the armatures of the B and LB relays to 
their spacing contacts, overcoming the holding currents 
through rheostats HR and HR’. Relay LB releases pole 
changers PCA and PCB as well as the printer magnet. 
As long as the double-strength current continues, the 
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contacts of relay LB will remain open and the pole chang~- 
ers and printer magnet will remain released, thus giving a 
definite indication of the break signal at the way station. 

At the main office, relay ZL opens the printer magnet 
circuit to indicate the break at that station, relay B 
releases relay BC and both relays connect a ground 
through contacts of relay SS to short-circuit pole-changer 
PC. The double strength break current continues, 
therefore, as long as relay SS remains operated. When 
the main office operator stops sending on the keyboard, 
relay SS releases and allows pole changer PC to operate 
and send marking current to the line. This allows relays 
B and LB to operate and restore the circuit to normal. 

Figure 2 shows the calling-signal arrangement. This 
apparatus is included in the line circuit of figure 1, but is 
shown in a separate diagram to simplify the drawings. 
Slow-release relay S’ at each way station is connected to 
the line through a small copper-oxide rectifier so that the 
line current always flows in the same direction through the 
relay. This relay remains operated on all printing signals 
but releases when the line current is stopped by depressing 
the push button at the main office. The main station can 
operate the call bells at all way stations, regardless 
whether the power is turned on the way station sets or not. 

To call the main office, the operator at any way station 
switches on the local power and depresses the push button 
or any key on the keyboard. Relays L, G, and S respond 
to operate the buzzer and light the signal lamp at the 
main office. These signals are released when the main 
office operator turns on the printer motor to answer the call. 

The only operating adjustments required with this 
system, are the settings of the three rheostats at the main 
office and the one rheostat at each way station. If 
properly adjusted, when the circuit is first installed, they 
usually require no further adjustment, except that, in 
cases where considerable interference or very heavy 
leakage is experienced, it may be necessary to readjust 
bias rheostat BR, at the main office, occasionally. The 
adjustments of break holding rheostats 7R and HR’ are 
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not critical, and even if incorrectly adjusted they are not 
likely to affect the operation of the printers but they may 
interfere with the proper action of the “break” feature. 

The main-office circuit can be arranged so that the 
circuit can be extended through a concentrator to one of a 
group of main-office printers or over a duplexed line or 
carrier circuit to a distant city. The concentrator permits 
grouping the polar simplex way wire with other lightly 
loaded circuits and connecting these circuits to the main 
office printers, only when needed for sending or receiving 
messages. This reduces the number of main-office 
printers required and improves the operating efficiency at_ 
that office. The extension to a distant city can be used 
for special purposes such as the transmission of news 
directly from the way station without rehandling at the 
main office. 


Neutral Way-Wire Printer System 


Where line conditions are not too severe, the simpler 
“neutral way wire’ system can be used. This system 
uses neutral printing signals and reversed current or 
polar signals for operating the call bells. If the line 
resistance is not too great, the line may be connected 
directly to ground at the terminal way station, the line 
current being supplied from the main office. Positive 
battery is normally connected to the line at the main 
office, and for longer lines, a reduced negative voltage can 
be connected to the line at the terminal way station. As 
this is of the same polarity as the bell signal potential at 
the main office, the bell signal current will be reduced to a 
comparatively low value, normally about 15 milliamperes, 
but this is sufficient to operate the sensitive polar relay 
that rings the call bell. 

For still longer lines, a single-line repeater can be in- 
stalled at an intermediate station. A special repeater 
for this purpose, is shown in figure 3. Ordinary single- 
line repeaters can repeat neutral or “‘make and break’ 
signals only. If equipped with fast relays, they can be 
used to repeat start-stop 
printer signals. The repeater 
shown in figure 3, however, is 
arranged to repeat the polar 
bell signals as well as the 
neutral printing signals. 

At the main office, the line 
may be connected perma- 
nently to a printer set, if 
there is enough total traffic 
to justify it, or it may be 
connected to a concentrator of 
either the manual or auto- 
matic® type. For purposes of 
illustration, figure 4 shows a 
neutral way-wire circuit ter- 
minated in a manual concen- 
trator at the main office, with 
an intermediate repeater, with 
polar bell signal equipment 
at each way station and with 
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a potentiometer for supplying a reduced line potential at 
the terminal way station. 


High-Speed Neutral Relay 


The repeater uses a new fast neutral or nonpolar relay, 
two of which are shown mounted on the repeater in figure 3. 
This relay has a laminated core, an aluminum armature 
lever pivoted on a stainless-steel knife edge, operating two 
pairs of contact springs. The contacts are of molyb- 
denum, mounted on beryllium copper springs, and are so 
arranged that they can be adjusted for either break- 
before-make or make-before-break operation. The latter 
adjustment is applied, when the relays are used in this 
repeater. The relay contact springs, and the adjustable 
spring, are so designed that the increase in spring tension, 
as the relay operates, closely balances the increase in 
magnetic pull, as the armature approaches the poles of the 
magnet core; with the result that the operate and release 
adjustments of the relay can be brought close together, 
without adjusting the airgap, as is necessary in the usual 
type of neutral telegraph relay. Only one simple spring 
adjustment is required, therefore, to adapt the relay to 
meet a wide range of operating conditions, including 
operation over lines subject to considerable leakage. This 
design and method of adjustment also maintains heavy 
contact pressures at all times and increases the reliability 
of the relay. 


Single-Line Repeater 


Referring to figure 4, with positive battery connected 
to the line at the main office, the contacts of the polar 
relays at the repeater and at the way stations are held 
open by the line current and when the line is opened and 
closed in transmitting printer signals they are held in the 
same position by their armature biasing spring. Each of 
the neutral relays of the repeater responds to printing 
signals received over one line section and repeats them 
into the other line section. Each relay also controls a 
locking circuit for the other relay to prevent it from re- 
leasing during the open or spacing intervals in the out- 
going signals. As previously explained, the relay contacts 
are flexible, and are so adjusted that, when the relay 
releases spacing contact S closes before marking contact 
M opens, and when the relay operates, contact M closes 
before contact S opens. Therefore, when either relay is 
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Figure 4. Neutral way-wire printer circuit with repeater 


repeating signals, the other relay will remain continuously 
operated, as its circuit always remains closed, either 
through the M contact and line circuit or through the S 
contact and locking resistance. As each relay closes the 
local locking circuit of the other relay only during spacing 
signal intervals, the repeater is in condition, during mark- 
ing signal intervals to transmit a ‘“‘break”’ signal from the 
receiving to the sending station, thus permitting any sta- 
tion to interrupt transmission, if necessary. 

During idle periods, any way-station operator can call by 
depressing his “‘break’”’ key, momentarily opening the line, 
releasing the signal relay, and lighting the signal lamp at the 
main office. The main office operator responds by plug- 
ging a printer set cord into the jack and answering on the 
printer keyboard. 

The main-office operator can call any way station by 
plugging in and depressing the push button the proper 
number of times. This transmits a reversed current of 
reduced strength (about 15 milliamperes) over the line 
operating the call bells at any way stations between the 
main office and the repeater. Opposing currents now 
flow through the two windings of the right hand repeating 
relay, releasing it, and the reversed current operates the 
polar relay, thus removing the positive potential and con- 
necting a negative potential to the outgoing line and ring- 
ing the bells at way stations beyond the repeater. 

Referring to figure 3, the single-line repeater consists of 
a pair of high-speed neutral relays mounted on a base or 
chassis, together with certain auxiliary equipment. The 
chassis is an aluminum-finished steel box with a de- 
tachable base plate. It contains the resistors, spark 
killers, rheostats, switches, and jacks and mounts a re- 
ceptacle for a power-supply plug, a terminal strip for 
external wiring connections and sub-bases into which the 
relays are plugged. The polar bell signal relay is mounted 
on a bracket at the right side of the repeater and there is 
room for mounting a milliammeter, if required, at the left 
side. When installed at a way station, this repeater can 
be mounted on any convenient table or shelf, or if installed 
at a main office it can be mounted on a standard repeater 
rack, 

A jack is provided in each line for inserting a milliam- 
meter to measure the line current, which can be regulated 
by a rheostat. The center jack is in a local test circuit 
used for checking the adjustment of the relays. When the 
left-hand switch on the repeater chassis is turned to the 
“cut” position, the ‘‘marking’’ contacts of both repeating 
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relays are connected in series with this local test circuit. 
To line up the repeater, the current is measured in this 
local test circuit and then uniform dot signals are trans- 
mitted from an interrupter or “‘dotter’’ at the main office. 
The armature spring of the repeating relay is then ad- 
justed until the milliammeter indicates half the closed- 
circuit current in the local test circuit. Dotter signals are 
then sent from the terminal way station to adjust the 
other repeating relay in the same way. The adjustment 
should be checked for both wet and dry weather conditions. 
It has been found that, in most cases, a mean adjustment 
can be obtained that will operate satisfactorily for long 
periods without change. 

Figure 5 shows a “‘dotter’”’ that will transmit uniform 
signals at the same frequency as the printer signals. To 
reduce its cost, it has been designed as an attachment to a 
standard tape printer. It consists of a small commutator 
driven by the printer motor. A link extending to the 
front of the printer lifts the brushes off the commutator 
and tilts a mercury switch to short-circuit the dotter 
when it is not in use. 

Figure 6 is an oscillogram illustrating the action of the 
repeater in repeating printing telegraph signals. The 
upper curve shows signals as received by the repeater 
over an artificial open wire line equivalent to 260 miles of 
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number 9 (American Wire Gauge) copper with leakage 
of one megohm per mile. The signals were transmitted 
from a “‘dotter’’ at a speed of 50 dots per second (100 
bauds), which is approximately twice the usual printer 
signal speed. The lower curve shows the outgoing signals 
as repeated into a noninductive resistance circuit. It 
should be noted that, although the windings of one relay 
are included in the outgoing line, the inductance of the 
windings does not prevent the outgoing signals from 
having an approximately square wave shape. This is 
because the winding always has current through it, as 
previously explained, and there is no large change in 
the current through the relay while the other relay is 
acting to repeat signals. In this particular case, the 
relay-locking current was slightly greater than the normal 
line current, and the inductance of the relay winding has an 
effect opposite to that usually expected. It causes the 
line current to rise rapidly at the start of each closed 
circuit signal to a value approximately equal to the lock- 
ing current. Even if the inductance of another relay or 
printer magnet is included in the outgoing line, the out- 
going signals will more closely approach a square wave 
shape than if they were transmitted directly into the out- 
going line without going through the repeater. 

These oscillograms are included solely for the purpose of 
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illustrating the action of the repeater and do not represent 
the extreme conditions as regards signal speed, etc., under 
which the repeater can operate. 


wo-Wire System With Secrecy Feature 


_ In the previously described systems, the printer can 
be turned on at any way station to copy messages being 
transmitted by other stations. This prevents their use 
_ for circuits to private customers where privacy is required. 
To meet the need for a multistation line for connecting 
‘customers’ printers to a main telegraph office, the circuit 
shown in figure 7 was developed, and has been used for 
the last year and a half. As previously mentioned, this 
arrangement is suitable for cases where the customers’ 
stations are so located that they can be connected in 
series along a line. It can also be used, to advantage, 
where customers’ stations are located in a group close to- 
_ gether but at a considerable distance from the telegraph 
office. 
_ The number of stations that can be connected on one 

circuit is limited only by the amount of traffic to be 
handled. Too many stations should not be connected to 
one circuit, so as not to delay appreciably any customer’s 
messages. The circuit is normally arranged for a maxi- 
mum of ten way stations, but could be readily modified to 
accommodate more. 

This circuit requires two wires, which extend from the 
main office, in series through the way stations to ground. 
One of these wires, the “‘control’’ wire, is used for trans- 
mitting calls from the way stations to the main office and 
for controlling, from the main office, the starting and 
cutting in of the printer at any particular way station. 
The second wire, the ‘‘printing’’ wire, is used for trans- 
mitting printer signals and for stopping the printer motors 
and cutting out the way-station printers. 

A special form of selector is used at the way stations, 
consisting of two contacts operated by cams on the shaft 
of a small self-starting synchronous motor. The motor 
is somewhat like an ordinary electric clock motor and has 
reducing gears such that the cam shaft runs at a speed of 
four rpm. One of the cams is permanently fixed to the 
shaft, and its contacts serve the purpose of insuring that 
the motor cam shaft will make a complete revolution after 
it is started. The second cam is adjustable, and is set 
at a different position at each way station. Its contact 
serves to operate the motor-control relay, if the proper 
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signal is received from the main office. A somewhat 
similar device is used as a sending selector at the main 
office. This has, in place of the adjustable cam, a dis- 
tributor or commutator, with one segment for each station 
to be selected. A manually operated ten-point switch 
is provided to connect the transmitting circuit to the 
particular segment corresponding to the desired station. 

To call a way station, the main-office operator first 
sets the ten-point switch to the terminal corresponding 
to the desired station and then operates the key to the 
“call” position. This applies positive potential through 
the main office printer to the printing wire, releasing the 
“stop” relays and lighting the busy signal lamps at all 
stations. It also closes a circuit to start the sending 
selector motor. Immediately after it starts, a cam con- 
tact closes, to insure that the shaft will make a complete 
revolution. When the brush crosses segment .S, the 
sending relay is operated momentarily, thus sending a 
positive impulse over the control wire and momentarily 
operating the “‘start’’ relay and the “‘selecting’’ relay at 
each way station. The start relays start the receiving 
selectors, and the cam contacts insure that their shafts 
make a complete revolution. After the start impulse, 
the sending relay sends negative current to the control 
wire until the sending selector brush crosses the segment 
selected by the ten-point switch, when a brief positive 
impulse is transmitted, momentarily operating the start 
and selecting relays again. 

At the desired station, the contact spring drops into 
the notch of the adjustable cam while this positive impulse 
is being received. At this station the motor-control relay 
operates and locks itself, starting the printer motor and 
removing a short circuit from the printer. At all other 
way stations, the adjustable cam is set at a different 
point, and, therefore, the motor control relays do not 
operate. At the main office, the control relay operates 
in series with the sending relay, at this time. It locks 
itself through the key contacts, starts the printer motor, 
and opens the starting circuit of the selector motor. 
After transmitting the positive selecting impulse, the 
sending relay continues to send negative current over the 
control wire, as the selector brush continues its revolution 
to the stopping point. 

The milliammeter indicates a slight reduction in current 
at the instant when the way station printer is cut in. 
This occurs at the same time as the starting of the main 
office printer motor, and indicates to the operator that the 
way station selector has re- 
sponded properly to the call. 
Messages can now be trans- 
mitted. 

It should be noted that 
the starting of the customer’s 
printer motor is controlled 
entirely from the main office 
and that no customer can 
start his own printer motor or 
remove the short circuit from 
his printer magnet. There- 
fore, only one customer’s 
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printer can be connected, in operating condition, to the 
line at a time and it is impossible for one customer to 
copy another customer’s messages. The control equip- 
ment is installed in a locked box to prevent tampering 
with it. 

After the messages have been sent and acknowledged, 
the operator restores the key, thus releasing the control 
relay, stopping the main office printer motor, and apply- 
ing negative potential to the printing wire. This oper- 
ates the “‘stop” relays at all way stations, extinguishing 
the busy lamps and releasing the motor control relay to 
cut out the previously selected station. The key must be 
restored to the “‘off’’ position, and reoperated, in order to 
start the sending selector, if another way station is to be 
called immediately. This prevents the operator from 
calling a second way station by mistake, without first 
cutting out the station previously called. 

Any way station can call the main office by operating the 
call box. This is like an ordinary messenger call box and 
transmits a series of open circuit impulses, different for 
each station. These impulses operate a single stroke 
bell and a tape register at the main office, and the signal 
indicated by the bell and recorded on the tape identifies the 
particular way station that called. In response to such 
calls, the main office operator selects and calls this station 
in the same manner as for sending outgoing messages. 

It should be noted that calls can be sent in and regis- 
tered while the line is busy. The busy signal indicates to 
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the calling station that an immediate response should 
not be expected as the line is in use by another station. 
It is very unlikely that a call box will be operated during 
the few seconds that the control wire is being used to 
operate the selectors. If this should happen, however, 
as the register relay will operate on either positive or 
negative current, and as the call-box signals are much 
faster than those sent out by the sending selector, such 
calls will be correctly received and usually will not inter- 
fere with the proper operation of the selectors. Even if 
they should prevent the proper starting of the motor at the 
called station, the milliammeter will indicate this to the 
main office operator, who can repeat the call by restoring 
and reoperating the calling key. In any case, incoming 
calls cannot cause the selection of a wrong station. 


Conclusions 


The conversion of way-wire circuits from Morse to 
printer operation has been retarded by lack of suitable, 
simple, and reliable equipment for operating such circuits, 
for calling individual way stations and for preventing one 
way station from recording messages intended for another. 
It is expected that the apparatus and systems described 
in this paper will meet this demand and permit more rapid 
expansion of printer way wires. 


References 


1. Mopern PRACTICES IN PRIVATE WIRE TELEGRAPH Service, R. E. Pierce. 
AIEE TRANSACTIONS, volume 50, June 1931, pages 426-36. 


2. TELEGRAPHY AND TELEPHONY WITH RAILROAD Applications, C. S. Rhoads. 
Simmons, Boardman Publishing Company, 1924, pages 321-33. 


3. U.S. Patents 1,791,587 and 1,795,652. 
U.S. Patent 2,102,983. 


4, 
5. An AuTOMATIC CONCENTRATION UNIT FOR PRINTING TELEGRAPH Crrcults, 
G.S.Vernam. Electrical Communication, volume 10, April 1932, pages 200-09. 


ELECTRICAL ENGINEERING 


Synopsis: A new type of lead-in structure for vacuum-, gas-, or oil- 
tight chambers is described in which porcelain bushings are sealed 
to metal by means of a glass which serves as a bonding agency. The 
method of assembly is extremely simple, requiring no skilled work- 
men or elaborate equipment. Some of the features and some of the 
places where the seal is being applied are discussed. 


Introduction 


ductors into metal containers which must be her- 

metically sealed, oil-tight, or vacuum-tight, has for 
many years been a formidable one. This is attested by 
the large number of methods now in use, the voluminous 
literature on the subject and the many patents which have 
been issued. The most obvious type of lead-in construc- 
tion is of the gasket type, where a porcelain or glass insu- 
lator is used with gaskets between the metal and the 
porcelain. The whole assembly is held together by some 
compression arrangement, and the seal depends for its 
effectiveness upon a tight fit between the metal and gasket, 
and the ceramic and the gasket. Seals of this type have 
always been extremely difficult to make perfectly tight. 
Usually the gasket material, or the structure, is such that 
it is impossible to heat them to even a few hundred degrees 
without ruining them. Consequently, it has long been 
recognized that the most desirable type of lead-in struc- 
ture is one in which the porcelain, glass, or other ceramic 
which is used for the insulator, is actually sealed to the 
metal, either directly or by means of an intermediate 
sealing material. Seals of this type may be conveniently 
divided into four classes as follows: 


Te PROBLEM of bringing insulated electrical con- 


I. Glass or porcelain sealed to metal by means of resins or gums. 
II. Glass or porcelain metalized and attached to main metal 
member by means of low-melting-point metal alloys. 
III. Glass sealed directly to metal. 
IV. Porcelain sealed to metal by means of a glass. 


Seals in class I may be made using ceramics and metals 
of quite different expansion characteristics due to the 
plasticity of the resins or gums. They are limited to low 


temperature applications. 

Seals in the second class are usually made between a 
metal and porcelain which do not match in expansion. 
The bond is made at the melting point of the alloy and 
upon cooling to room temperature the structure is quite 
ee en 
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highly stressed due to the difference in expansion of the 
components. It is essential that the seals are so designed 
that all high stresses in the porcelain are compression, as 
the ceramic materials are very strong for that type of 
stress. 

Seals of this type are mechanically strong and are used 
extensively, but they are limited to moderate temperatures 
due to the low melting point of the sealing alloy. 

There are many different seals which fall into class III. 
One of the early seals of this type was made by House- 
keeper. At the time this type of seal was developed, 
available metals, which could be easily worked and glasses 
were of widely different coefficients of expansion. Under 
most conditions, if they were fused together at the high 
temperature necessary to work the glass, the stresses 
which resulted upon cooling due to the differences in ex- 
pansion caused the glass to crack. Housekeeper cir- 
cumvented this difficulty by using a metal which had a low 
yield point, (copper) and thinning it to a very small 
section where it sealed into the glass. In this way he 
caused the metal to flow and prevented the development 
of further stress in the glass before the stress in the glass 
reached a high enough value to cause it to crack. One 
of the main disadvantages of this type of seal, however, is 
the weakness caused by the thinning of the metal member. 

Many advances have been made in the science of 
sealing metals to glasses, due primarily to the fact that 
various metals and alloys have been developed which have 
coefficients of expansion matching those of certain glasses. 

One of the greatest and most recent advances in the 
field is due to H. Scott.2, From his study of the low ex- 
pansion anomaly of the iron-nickel-cobalt alloys,** he 
found that one particular alloy, which he called Kovar 
(Patent No. 1,942,260. The alloy Kovar is also known 
as Fernico. Hull and Burger in a paper® on glass-to- 
metal seals discuss seals to this alloy and many other 
metals), could be made to match quite closely one of the 
hard glasses (Corning G-705-A/J; Corning code designa- 
tion for this glass is number 705) from room temperature 
to above the annealing range of the glass, and can, there- 
fore, be sealed into glass in large sizes. This alloy can be 
rolled, drawn, and subjected to all the usual forming 
operations of steel. It is not attacked by mercury and 
consequently is one of the most important factors in the 
development of the “all metal’ type mercury-vapor 
thyratrons. 

For many types of structures, rather large and intricate 
glass pieces must be sealed to metal, for which considerable 
skill is required by the glass worker. It would often be 
far easier if a porcelain could be substituted for the main 
body of the glass, and then only a small amount of glass 
used for bonding the metal to the porcelain. The porce- 
lain will maintain its shape to much higher temperatures 
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than the glass and consequently only a minimum amount 
of skill would be required to make the joint. Seals of this 
type fall into the fourth class. 

The desirability of such a seal has long been recognized 
and many attempts to obtain a satisfactory one have been 
made. The successful ones have all been of the “House- 
keeper’ type.® Low-expansion porcelains and glasses 
having approximately the same coefficient of expansion 
and which consequently make a stress-free seal to each 
other have been used. The seal has always been made to 
a metal of higher coefficient of expansion. In order to 
prevent cracking of the seal it has been necessary to thin 
the metal member to a very small section so that the 
stresses developed would be below the breaking strength of 
the glass and porcelain. Seals of this type are, therefore, 
weak where joined. 

The new type of seal to be described also falls into the 
fourth class. The materials have been so selected and 
the structure so designed that it is no longer necessary to 
make the ‘‘Housekeeper’”’ type seal. 


General Principles 


The prerequisites for making an ideal seal between 
metal, glass, and porcelain are: 


1. Both the metal and porcelain must be wet by the glass. 

2. The metal, glass, and porcelain must all have the same coefficients 
of expansion up to the temperature where the glass is sufficiently 
viscous to relieve stresses quickly. 

3. All component parts must be vacuum-tight. 


A satisfactory seal may be made, even though condition 
2 is not exactly fulfilled. It may, therefore, be rewritten 
as follows: The metal, glass, and porcelain should have 
coefficients of expansion sufficiently alike that upon cool- 
ing after the seal is made the stresses developed due to 
the differences in thermal contraction are not great 
enough to cause a fracture of the glass or porcelain, or 
leave the completed seal mechanically weak. 


Wetting 


The bonding of glass to metal or what is known as the 
wetting of the metal by a glass, takes place at elevated 
temperatures and, in general, only when the metal is oxi- 
dized. At the elevated temperature where the glass is 
viscous and plastic, it dissolves some of the oxide of the 
metal, and thus adheres tightly to it. In order that the 
joint between the metal and the glass should be vacuum- 
tight, the oxide which forms on the metal should be a 
tightly adherent one. A scaly oxide would naturally give 
a very weak seal. Care should also be taken as to the 
thickness of the oxide. If the oxide is too thin, it may all 
be dissolved by the glass, changing the composition of the 
glass near the junction, and the resulting glass may not, in 
fact probably will not, have the same or as great a strength 
of bonding between itself and the metal as the original 
oxide of the metal exhibited. A thick oxide on the metal 
is likely to cause trouble also. In general, a metal 
and its oxide do not have the same coefficient of 
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expansion, consequently the oxide may develop small fis- 
sures or cracks very similar to the cracks in an enameled 
metal surface when the enamel and metal do not match. 
In addition, the oxide may be of a spongy nature permit- 
ting a slow leakage of air through it. 

The wetting of the porcelain by the glass takes place in 
much the same manner as the wetting of the metal oxide. 
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Expansion characteristics of component parts of 
metal-glass-porcelain seal 


Figure 1. 


The porcelain is already an oxide material, and conse- 
quently needs no further oxidation. When the glass 
and porcelain are heated to a sufficient temperature they 
tend to diffuse into each other and form a most intimate, 
tenacious bond which cannot be broken free. 


Thermal Expansion 


The apparatus used for determining the expansion char- 
acteristics of the materials was similar to that used by 
Scott in his study of iron, nickel, cobalt alloys.*4 In order 
to insure a uniform temperature distribution, a special 
heating furnace was built which had a large copper core. 
Thermocouples attached along the specimen showed the 
maximum variation in temperature to be less than one de- 
gree, 

Expansion curves were obtained for many different 
metals, glasses, and porcelains, but for the purpose of this 
paper, only one particular combination will be discussed. 
The materials are, the iron-cobalt-nickel-alloy, known as 
Kovar, the glass G-705-BA (Corning code designa- 
tion for this glass is number 704), and standard electrical 
porcelain. As will be shown, these materials all have ap- 
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proximately the same expansion characteristic over a con- 
siderable range, and can be satisfactorily sealed together. 
Although there are other combinations of metals, glasses, 
and porcelains which also meet the requirements of a satis- 
factory seal, these particular ones have been chosen be- 
cause of their availability. All components are standard 
materials and are readily obtainable. Figure 1 gives the 
total thermal expansion per unit length of the materials as 
_a function of the temperature. They are shown together 
for comparison, and as may be seen they have very nearly 
the same average coefficient of expansion up to about 500 
degrees centigrade. 


Relief of Stresses 


In order to show that a stress-free seal can be made be- 
tween Kovar and electrical porcelain, it is necessary to 
show that G-705-BA glass has a low enough viscosity at a 
temperature around 500 degrees centigrade to permit the 
Kovar and porcelain members to move with respect to each 
} other at a rate sufficient to compensate in a reasonable time 
_ for the difference in expansion between the Kovar and por- 
celain at temperatures above 500 degrees centigrade. If, 
then, all stress is relieved at around this temperature, no 
appreciable further stress will be developed upon cooling to 
room temperature, as all components contract practically 
the same amount. 

There are two particular temperatures defined in glass 
technology which are of importance in connection with re- 
lief of stresses in the glass. These are known as the anneal 
point, and the strain point. The anneal point is that tem- 
perature at which 90 per cent of the stress in the glass will 
be relieved in 15 minutes. The strain point is that tem- 
perature at which the same percentage will be relieved in 
four hours. The range between these temperatures is us- 
ually spoken of as the annealing range. The Corning Glass 
Works, in published data on their commercial glasses, gives 
these temperatures. For G-705-BA glass they are 484 
degrees centigrade and 450 degrees centigrade for the an- 
neal point and strain point, respectively. 

It would seem that, if a metal-glass-porcelain seal were 
made, and, before cooling, held at around 484 degrees for 


Figure 2. Glass beam 
loaded by means of a 
device having consider- 
able elastic deforma- 

tion 


15 minutes or longer, most of the stress would be relieved. 
That this is not true will be shown. 

There are a number of methods which have been used for 
determining the annealing constants of glass, but only one 
method’ which clearly shows the implications of these data 
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will be described here. A small rectangular plate of the 
glass to be studied is supported at opposite ends, and 
stressed by tightening down a screw in the center between 
the two supports. The loading mechanism is made very 
rigid so that no appreciable elastic deformation will take 
place, and so that the glass will be permanently constrained 
to a fixed position. This is all set up inside a uniform tem- 
perature furnace and so arranged that light can be directed 
through the specimen, and relief of stresses determined di- 
rectly for any particular temperature by a photoelastic 
method. Thus the two temperatures are found which sat- 
isfy the definition of the anneal point and strain point. 
Further study has shown that these temperatures cor- 
respond to points where the glass has definite values of vis- 
cosity,® and that the rate of relief of stresses may be found 
if the viscosity is known. It was then experimentally de- 
termined that the common logarithms of the viscosity 
measured in poises at the anneal and strain points are 13.4 
and 14.6, respectively. Since the determination of viscos- 
ity from a study of the mobility of glass fibers is a much 
simpler method of finding the anneal and strain points, it 
has almost completely supplanted the older, more direct 
methods. However, we must still remember that, no 
matter how these temperatures for rates of annealing are 
determined, they apply directly only to the case where the 
glass is constrained to some definite shape, and the stress 
is relieved while the glass remains in that position. 
Consider a glass beam which instead of being loaded by 
a rigid screw is stressed through a stiff elastic spring 
similar to that shown in figure 2. If this is held at an 
elevated temperature, say the anneal point, the stress in 
the glass will tend to be relieved. However, as the stress 
in the glass is relieved, it will be still farther strained due 
to the elasticity of the spring. Consequently the stress 
in the glass cannot be completely relieved until it has de- 
formed so far that it has permitted the elastic deformation 
of the spring to be completely relieved. It is at once 
apparent, therefore, that the annealing of a glass structure 
constrained by an elastically deformable means, will be 
greatly dependent upon the rigidity of this mechanism. 
In the construction of metal-glass seals, the elastic 
deformation of the metal may be a very important con- 
sideration in determining the rate of relief of stress in the 
glass. For a simple bead seal, where a layer of glass is 
melted around a quite rigid metal rod, the deformation of 
the rod is negligible under the stresses produced. It is, 
therefore, substantially correct to assume that, at the 
annealing temperature, 90 per cent of the stresses due to 
any differences in expansion between the metal and the 
glass will be relieved in 15 minutes. It is incorrect, 
however, to assume that an annealing schedule which is 
correct for a bead on a heavy rod will be satisfactory for all 
other shapes of seals. Thus, for example, a bead of the 
same size made on a thin wall tube having the same outside 
diameter as the solid rod, will anneal quite differently. 
The initial stresses will be lower due to the fact that the 
metal deforms elastically, but the rate of relief of stresses 
will also be slower. It can be shown that after a time ¢ the 
stress in the glass on the metal tube, may actually be 
higher than in the glass on the solid rod, even though the 
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initial stresses on the rod seal were higher. This is due to 
the fact that the rate of relief of stress is lower for the seal 
on the metal tube. A graphic illustration of stress versus 
time is shown in figure 3. 

In order to have the same rate of relief of stress for the 
tube seal as for the rod seal, it is necessary that the vis- 
cosity of the glass should be lower. In consequence the 


Figure 3. Stress in glass as a func- 
tion of time for a bead seal on a 
solid rod and ona thin-walled tube. 
At time (t) the stress is higher in 
the bead on the tube. The tem- 
perature of anneal is the same for 

both seals 


FOR ROD SEAL 


STRESS IN GLASS 


FOR TUBE SEAL 


temperature of annealing would have to be higher. It 
may be seen, therefore, that it is desirable to have the 
metal and glass match up to temperatures above the so- 
called annealing point of the glass. 

Since Kovar and G-705-BA glass match quite closely 
even at temperatures well above the anneal point, little 
difficulty is encountered in obtaining a satisfactory anneal 
in a short time for most any type of structure. 

For a seal between Kovar, glass, and porcelain, conditions 
are somewhat different. Let us consider the case of a 
moderately thick-walled tube of Kovar sealed to a porce- 
lain tube with a thickness a of glass between them, as 
shown in figure 4. The seal is made at a high temperature 
(usually between 900 degrees centigrade and 1,100 
degrees centigrade, depending upon the design), and con- 
sequently the Kovar and glass have expanded considerably 
more than the porcelain. After the seal is made and cool- 
ing is started, the metal tends to contract faster than the 
porcelain, and consequently stresses are set up in the seal. 
In order that these stresses may be relieved at the lower 
temperature, the glass must permit the metal to move with 
respect to the porcelain by an amount equal to the differ- 
ence in contraction between the metal and porcelain in 
cooling from the temperature at which the seal is made to 
the lower temperature. As soon as this relative motion 
of the parts is required during the annealing process, we 
see that the anneal point of the glass no longer defines 
the temperature at which 90 per cent of the stress will 
be relieved in 15 minutes. Either a higher temperature 
is necessary, or a longer time will be required. 

Now it is known that the rate of flow with respect to 
each other of two surfaces in shear and separated by a 
viscous medium is proportional to the distance of separa- 
tion (@ for our case) and inversely proportional to the 
viscosity. Consequently the greater the thickness of the 
glass, the faster the relief of stresses for a given tempera- 
ture. 

If a seal is made using a thin layer of glass, and is 
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cooled quite slowly, the stresses developed are so high that 
they usually crack the porcelain. 

Figure 5 shows another way in which Kovar and 
porcelain might be sealed together by means of glass. 

After the seal is completed and cooling started, the 
metal tends to shrink down on the porcelain. Now in 
order that the resulting stresses may be relieved, the glass 
must be squeezed out somewhat so that the metal can 
move toward the porcelain. This is analogous to a long 
thin strip of viscous material in compression between 
two plates. Doctor Nadai has shown (this is from an 
unpublished Westinghouse research report entitled ‘““The | 
Distribution of the Pressure in Thin Layers of Viscous 
Material Under Compression,” by A. Nadai) that for this 
case, the velocity with which the plates move together is 


; 1fa\’ ; 
approximately proportional to . (5) where 7 is the 


It is, therefore, important that 
For the case of the long 


coefficient of viscosity. 
the ratio //a should not be large. 


Figure 4. Kovar and 
porcelain sealed to- 
gether by means of a 
thickness of glass (a) 


thin strip in compression, the pressure distribution is not 
constant along the dimension. It has been shown that it 
takes on a somewhat parabolic shape, dropping very low 
at the edges. This is advantageous, as it tends to cut 
down the danger of stress concentration at the edge of the 
seal which might break the porcelain. 

Calculations, of the rate of relief of stress for several 
simple structures, have been made, but exact solutions 
even in the simple cases, were found quite impossible due 
to the complexity of the mathematics involved. The 
approximate solutions indicated, however, that the range 
of temperature, in which the greater part of the stresses 
developed upon cooling from a higher temperature can be 
relieved in a moderate length of time, is around 100 degrees 
centigrade higher than the so-called annealing range of the 
glass. Any seal annealed at this temperature will, how- 
ever, develop further stresses upon cooling down the next 
100 degrees, due to-the difference in expansion of the 
components above 500 degrees centigrade. It is, there- 
fore, necessary that the design be such that the principle 
residual stresses in the glass and porcelain are compression, 
as both are many times stronger in compression than in 
tension. Care should also be taken to avoid stress con- 
centrations which might cause cracking of the glass or 
porcelain. 

Another factor which undoubtedly enters into the relief - 
of the stresses in seals annealed at high temperature is the 
relaxation in the Kovar. Scott has shown? that at tem- 
peratures as low as 400 degrees centigrade, Kovar loses 
50 per cent of the maximum stress applied by bending, 
in 15 hours. At the higher temperatures, this takes place 
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at a much greater rate, although no specific data are 
available. 

Any types of seal which might be made between metal, 
glass, and porcelain are modifications or combinations of 
the structures in figures 4 and 5. Consequently, from the 
foregoing analysis of annealing of seals, it may be seen that 
it 1s quite impossible to obtain complete relief of stress in a 
metal-glass-porcelain seal in any reasonable length of time. 
It has also been shown that the rate of relief of stresses in 
metal-glass seals, and in metal-glass-porcelain seals is a 
Junction of the design constants of the structure, as well as 
the viscosity of the glass and relaxation characteristics of the 
metal. Rough analysis and experimental verification show 
that by so adjusting the seal design that stress relief will 
continue to as low a temperature as practically feasible, 
a satisfactory strong seal can be made. 


Vacuum Tightness of Components 


Finally, in order to have a good seal it is necessary 
that all components of the structure, and the joints 
between them be vacuum-tight. Nothing further need be 
said about Kovar and glass, for their extensive use in the 


metal radio tubes, metal thyratrons, etc., speaks for them.: 


Tests made on many types of porcelain show that all those 
that are well vitrified are vacuum-tight, and that a 
vacuum-tight seal between them and a glass of the 
proper expansion may easily be made. The tests were 
made by closing off one end of a tubular porcelain struc- 
ture and sealing an ionization gauge onto the other end, 


Figure 5. Kovar and 
porcelain sealed to- 
gether by means of a 
thickness of glass (a) 

and length (1) 


after which the whole structure was baked and treated 
under vacuum and then tipped off. Gauge readings were 
then taken from time to time to see if there was any leak- 
age. No pressure change has been detected in seals made 
over a year and a half ago. 

Tests made in a somewhat similar manner on com- 
pleted metal-glass-porcelain seals show them to be 
vacuum-tight. 


Assembly of Seals 


Metal-glass-porcelain seals may be assembled in a 
number of ways. One of the most obvious ways is the 
utilization of the usual glass blowing technique. fale 
porcelain member is brought up to temperature slowly 
and when it is sufficiently hot a glass bead is worked upon 
it at the point where the seal is to be made. The Kovar 
portion is then heated to a dull red heat for a few seconds 
to give it a slight oxidation and sealed to the glass. 
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For commercial production, such a method is too slow 
and expensive. A method is desirable by which larger 
quantities can be made at one time and without the 
assistance of skilled workmen. Such a method will now be 
described, as applied to the assembly of terminals for oil- 
filled capacitors. 

Figure 6 is a photograph of the components of one of 
the terminals. The Kovar cap and flange, parts A and £, 
respectively, are drawn from sheet material, and the glass 
rings B and D are cut from a standard-gauge tubing. 
The parts are stacked together on a vertical spindle of 
heat-resisting steel and are ready for the furnace. 

The sealing cycle depends upon the size of the porcelain 
pieces, and whether a batch or a conveyor type furnace 
is to be used. The final seal is made in the temperature 
range 950-1,100 degrees centigrade. If the porcelains 
are quite small it is sometimes possible to put them di- 
rectly into the furnace at this temperature, although in 
general this will not be the case. Porcelain is a very poor 
conductor of heat, and the resulting high thermal gradient 
and consequent high stress is usually sufficient to crack the 
porcelain. Rapid heating is especially bad for the por- 
celain in the temperature range from about 500 to 575 
degrees, where the expansion shows a marked increase. 
Consequently it is usually found advisable in batch as- 
sembly of small terminals to preheat, holding the furnace 
temperature slightly above this dangerous zone (about 
600 degrees centigrade). As the porcelains come up to 
temperature their rate of heating becomes less and less and 
they are carried through the dangerous zone without 
cracking. 

Above this temperature the expansion coefficient is 
lower, and the porcelain will stand higher thermal gradi- 
ents. The assembly may, therefore, be transferred di- 
rectly from the preheat furnace to the sealing furnace, 
which is at a temperature of around 1,100 degrees centi- 
grade. Except for very small terminals which can be 


Figure 6. Component parts of a metal-glass-porcelain ter- 
minal seal and a completed terminal 


B and D—Glass rings C—Porcelain 


A—Kovar cap 
F—Completed terminal 


E—Kovar flange 


heated rapidly it is usually desirable to have the sealing 
operation take place in an oxygen-poor atmosphere in 
order to prevent overoxidation of the Kovar. An at- 
mosphere of tank nitrogen is satisfactory. 

After the seal is made the terminal should again be 
brought to an intermediate temperature furnace at 
around 600 degrees centigrade. It is during the interval 
of cooling to this temperature, and while at this tempera- 
ture, that the major portion of the annealing takes place. 


TRANSACTIONS 377 


Figure 7. Inerteen-filled capa- 
citor using two metal-glass- 
porcelain terminals 


It also may be desirable to maintain a hydrogen atmos- 
phere in this furnace in order to reduce the surface oxides 
on the exposed Kovar surfaces. 

The terminals are next moved to a cooler zone in the 
furnace and after they reach a temperature around 300 
degrees centigrade where no appreciable oxidation of the 
Kovar will take place, may be removed from the furnace. 

It has been found possible to use the same furnace for 
both the preheating and for the cooling and annealing. 

Figure 6F is a completed terminal which was assembled 
using the following cycle: seven minutes, preheating; 
15 minutes, sealing; and 20 minutes, cooling and anneal- 
ing. The correct cycle to be used is largely a matter of 
size and shape of the porcelain and may best be deter- 
mined by experiment. If the quantity is sufficient to war- 
rant it, a seal of this type is admirably suited to produc- 
tion in a continuous-type furnace. 


Applications 


When work was started on the development of metal- 
glass-porcelain seals, it was intended primarily for applica- 
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tion to vacuum-type equipment. It soon became appar- 
ent, however, that the demand for oil-tight and gas- 
and vapor-tight terminals was greater, as the needs of 
those using vacuum containers were quite well met by 
metal-glass seals. It is in consequence of the relative 
demand, that the first designs of the metal-glass-porcelain 
seal were for use on oil-filled capacitors. 

Figure 7 shows an Inerteen-filled capacitor using two 
metal-glass-porcelain terminals of the type just described. 
The terminals are soldered into the can and the leads 
from the capacitor brought out through the opening in 
the caps. These are soldered to the caps at the same 
time the threaded studs are soldered in. Terminals for 
capacitors are standard in three different sizes, and others 
are being used experimentally. The same terminals are 
being considered for other applications such as small oil- 
filled transformers, and oil-filled portable X-ray equip- 
ment. They have a distinct advantage over other types, 
in that they permit bringing the leads out of the container 
below the oil level. 

The possible uses of a seal of this type are so many and 
varied that it would be impossible for me to enumerate 
them. In fact, it may be used practically any place where 
an electrical lead into a hermetically-sealed container is 
desired. The individual reader will undoubtedly be able 
to select from his own experience many places where it 
might be applied. 
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Synopsis: This paper describes a stabilized amplifier with an over-all 
amplification ratio that remains essentially constant in magnitude 


_ and phase for all changes in tube characteristics, line-voltage varia- 


tions, and output load variations to be expected during normal 
operation. This stability is obtained by the introduction of two 
stabilizing circuits which act independently, yet are complementary 
when used together. During a period of eight weeks’ use two such 
amplifiers with their associated indicating instruments maintained 
their original calibration within two-tenths per cent of full scale with- 
out readjustment. 


Introduction 


D:: TO ADVANCES in electron tubes and ampli- 
fier technique electronic devices have found a rap- 
idly expanding field of application. They have been 
used quite extensively in measurements and with the aid 
of amplifiers' it is possible to measure smaller quantities 
than ever before. Such quantities as voltage, current, 
time, sound, light, and distance can be measured and, 
moreover, the measurement can be made without appre- 
ciably disturbing the circuit characteristics by the intro- 
duction of the measuring device. 

However, past experience has indicated that when an 
ordinary amplifier is used to extend the sensitivity of an 
indicating instrument, such as a voltmeter or ammeter, 
the accuracy, reliability, and ease of operation of the am- 
plifier do not begin to approach those of the indicating 
instrument. Although the electron-tube amplifier has 
remarkably linear properties, variations in tube charac- 
teristics between different tubes, with the age of tubes, 
and with changes in plate voltage and cathode tempera- 
ture ordinarily cause the over-all amplifier characteristics 
to change from time to time. Accuracies in the order of 
one-half per cent are available in present-day instruments 
and if the over-all amplifier characteristics are not to ex- 
tend this limit it is necessary either to control the variables 
during operation or else provide means for a special cali- 
bration to check each reading. Either method is incon- 
venient from the operator’s viewpoint and in many cases 
the resulting uncertainty in measurement does not per- 
mit the use of such an amplifier. Either special instru- 
ments are built or special ways of using instruments are 
devised. 

In such applications where accuracy and reliability are 
important, together with sensitivity, it is desirable to have 
an amplifier whose characteristics are essentially independ- 
ent of the aforementioned variables. 


Specifications 


One of the major problems encountered during the re- 
cent design of a 480-cycle network analyzer? was the 
measurement and instrument system. A network an- 
alyzer consists essentially of a large number of variable 
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circuit parameters conveniently arranged for intercon- 
nection such that various circuit problems which are too 
complicated or involved for direct mathematical calcula- 
tion may be set up in miniature and the actual results meas- 
ured by trial (volts, amperes, watts, phase angle, etc.). 
Such analyzers are used primarily in making load and 
stability studies of power systems, but the circuits are 
flexible enough so they can be used for a great variety of 
problems. 

For such an analyzer it is desirable to have instruments 
that are: easy to read without undue eye strain up to dis- 
tances of several feet, rapid in response, able to withstand 
overloads and abuse, easy to use, and accurate to one- 
half per cent with direct-reading scales. Now these re- 
quirements alone would not preclude the direct use of in- 
dicating instruments, but it is also necessary to reduce the 
disturbance caused by inserting the instruments into the 
network to a point where it can practically always be 
neglected even when the network is lightly loaded. In 
an effort to reduce the size, weight, and cost of this an- 
alyzer, the power consumption of the total network is 
made small. Thus, the allowable instrument power con- 
sumption is reduced to such a small value that it is hope- 
less to attempt to use directly any kind of an indicating 
instrument even if some of the other desirable character- 
istics are sacrificed. For instance, it is desirable to have 
an ammeter voltage drop that is not in excess of 0.010 volt 
with various full-scale currents of 0.010—0.050—0.250- 
1.000 ampere. The voltmeter should not require over 
0.000150 ampere (150 microamperes) when measuring 
full-scale voltages of 15-30—75-150 volts. Having given 
these specifications for sensitivity, the primary considera- 
tions are accuracy and reliability. 

In the network-analyzer application current is meas- 
ured by inserting a low-resistance shunt into the circuit 
and then amplifying the voltage drop across this shunt. 
The amplifier input impedance in parallel with this re- 
sistance is made high enough so it may be neglected. For 
instance, the current amplifier input impedance is not less 
than 5,000 ohms (maximum resistance of shunts is one 
ohm) and with the full-scale voltage drop of 0.010 volt 
the amplifier input is some 0.000002 ampere (two micro- 
amperes). This input corresponds to an amplifier output 
of 0.100 ampere so the current amplification is about 
50,000. 

Voltage is measured by using a tapped high-resistance 
voltage divider, each tap having sufficient resistance to 
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limit the current to 0.000150 ampere at the desired full- 
scale voltage. The voltage drop across a 3,000-ohm por- 
tion of the divider is amplified for an indication. The 
amplifier input impedance is not less than one megohm, 
which at full scale requires about 0.00000045 ampere 
(0.45 microampere). This input corresponds to an am- 
plifier output of 0.050 ampere, the over-all current am- 
plification being about 100,000. However, while the actual 
amplifier input is in the order of 0.1 microvolt-ampere; 
the relative disturbance caused in any circuit by the in- 
troduction of these amplifiers for making measurements 
must be measured by the over-all volt-ampere requirements 
of the complete unit and not the amplifiers alone. In 
this case, the volt-ampere requirement of the resistance 
shunt is predominant. A current of 0.010 ampere is 
measured with 0.010-volt drop and a voltage of about 
0.5 volt can be measured with a current of 0.00015 am- 
pere; about 0.0001 volt-ampere (100 microvolt-amperes) 
being required for full scale in each case. 

To get a better conception of the meaning of these 
figures consider table I and compare the volt-ampere re- 
quirements of those high-quality a-c instruments in com- 
mon use with that required in the network-analyzer in- 
struments. The instrument voltage and current ratings 
given were chosen as typical values that might be expected 
of an average quality portable instrument in general use. 
The ammeter voltage drops were derived from the instru- 
ment impedance and current ratings and the voltmeter 
current requirements were derived from the impedance 
and voltage ratings. The volt-ampere requirements 
give an approximate idea of the relative disturbance 
caused when that type of an instrument is introduced into 
a circuit. To further facilitate this comparison a column 
is included in which the volt-ampere requirements are ex- 
pressed in relative values considering the new ammeter 


Table I. Wolt-Ampere Requirements at 480 Cycles of 
Representative 60-Cycle Instruments Compared With New 
Amplifier Type 


Characteristics at 480 Cycles 


Ratio to 
Volt- Amplifier 
Instrument Volts Amperes Amperes Type 
Ammeter 
Electrodynamic......... Di Nah ees. Sicg ae Pees LOWS Pratas 4 100,000 
Moving aleotin cnt <isiieenel: 1 Sony 0-060 awh 5 pues 50,000 
(EHErMOCOUpPle chic pce OZ Daterers:--- ODOB in atecrts OO 2 tye craic 120 
PVECTMER Sich ieee cuecerenexs ele Sika as wheels WAGE Masa ace (OROHic of on 250 
T.NGasye) thik Mage horus ye ncen ORO Leer COC Mises rncncuret OF OOOTR mma 1 
Voltmeter 
Electrodynamic......... LOOMS weonies: ONOT Diaerecae LO Rly atta veuscz 100,000 
Thermocouple........... ul denen OO uceornd O.001 sara 10 
Rectifiers asatccesciss ates 2 Moreh Oc OO0S i racer OF0005 re. 5 
Att fer Servet syeieraevelalarstcte Ove enaes etre: OJ0001525 25. (OBS Gane it 
Wattmeter* 
Electrodynamic 
Current esis cvele-o) bie asevsus DD serine Be a “Goren ene 7( Als) 
Potential rca: neste) osere 100 OR 02 tener re 2 
QD iste ces 95,000 
Amplifier 
GME CHE Sanrevenasy oot series ORO DL anegee ONG Laine sete: 0.0001 
Potential. wisn ace Qinti tyertenss OF OOOL Sere ee 0.0001 
O0002iaeee 2 


* Voit-amperes of potential and current elements combined for convenience. 
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value as unity. For convenience in comparison the watt- 
meter potential- and current-element volt-amperes are 
added together. 

Of those instruments listed the electrodynamic and the 
moving iron are probably in greatest general use because 
of their high accuracy and reliability, but note that they 
require the largest volt-ampere input for operation. Also, 
due to the increase in reactance drop at higher frequencies, 


AMPLIFIER A 


Figure 1. Internal feed-back circuit 


the volt-ampere requirements and errors increase quite 
materially. Particularly does the wattmeter accuracy 
suffer at higher frequencies because of various phase shifts 
and mutual effects in the windings. This is especially 
important in this application because the wattmeter must 
maintain its accuracy even at very low power factors; a 
requirement exceedingly difficult to obtain even at 60 
cycles. So these volt-ampere requirements tell but a 
small part of the difficulties encountered in building a 
wattmeter. A conventional thermocouple instrument is 
useful even at very high frequencies but is extremely slow 
in response and quite easily burned out with overloads. 
Descriptions of thermocouple wattmeters have been 
published but such wattmeters are not in general use. 
The accuracy of the rectifier type of instrument is not 
high enough for this application and the wattmeter is not 
commercially available. 

So, after giving due consideration to the various instru- 
ment characteristics, it is apparent that to satisfy the re- 
quirements of speed, accuracy, reliability, low burden, 
etc., it is advisable to use the electrodynamic or moving- 
iron type of instrument either of which is suitable on every 
score except sensitivity, and then supply this sensitivity 
with an amplifier. Of course, the amplifier must be as 
reliable in every way as a high-quality indicating instru- 
ment. The input-output ratio and phase angle must re- 
main constant within one-half per cent for all changes in 
tube characteristics, plate voltages, etc., to be expected 
during operation. Also, as it has turned out, the ampli- 
fiers must be able to correct some of the inherent inaccura- 
cies found in a moving-coil-type wattmeter. 


Description 


The over-all amplifier input-output ratio is made essen- 
tially independent of most changes that occur within the _ 
amplifier by introducing two stabilizing feedbacks. Each 
acts independently yet they have a compounding effect 
when used simultaneously. The specific amplifier re- 
ferred to in the text is designed only for a frequency of 
480 cycles (+2 per cent); however, with suitable modifi- 


ELECTRICAL ENGINEERING 


cations the feed-back principles described can be applied 
to other single-frequency or broad-band amplifiers. 

In the first stabilizing scheme, an internal feedback 
‘similar to that used by H. S. Black® and associates, the 
amplifier is deliberately built with several times the neces- 
sary amplification, and then, by feeding a portion of the 
output back on the input in such a way as to throw away 
the excess amplification, the amplifier will acquire new 


SHUNT 


CORRECTION 
VOLTAGE -* 
FEEDBACK 


a ieatiien 


Figure 2. Null-balance feed-back circuit 


. 


properties, the most important of which is constancy of 
amplification and freedom from nonlinearity. 
\ The principle of such an amplifier can be explained quite 

readily by considering a specific example. Assume, as 
_ shown in figure 1, that 0.010 volt is available as amplifier 
input to give a ten-volt output. A represents an ampli- 
fier that delivers ten volts output with 0.001-volt input, 
but instead of using it as an ordinary amplifier part of the 
output voltage, namely, 0.009 volt, is introduced back into 
the input circuit such that the amplifier input of 0.001 
volt represents the difference between the feed-back volt- 
age of 0.009 volt and the impressed voltage of 0.010 volt. 
Amplifiers are subject to normal variations in the order 
of ten per cent so assume that for some reason or other 
the amplifier in question should change and now require 
an input of 0.0011 volt instead of 0.0010 volt, an increase 
of ten per cent. The output voltage remaining constant, 
the feed-back voltage will be 0.009 volt. Adding to this 
the new amplifier input of 0.0011 volt, the total input re- 
quired is now 0.0101 volt instead of 0.010 volt as before. 
This represents an increase of one per cent in input volts 
corresponding to an error of ten per cent in the amplifier 
ratio, so with a feedback of ten times, the errors are re- 
duced to one-tenth. By increasing the amplification and 
increasing the feedback, the error can be reduced still 
further, until a point is reached where the feedback is so 
large that the over-all amplification characteristics are 
substantially unaffected by most changes in the amplifier. 
It is far from a simple proposition to employ feedback this 
way because of the tendency for oscillation and the very 
special control which is required of phase shifts in the 
amplifier and feed-back circuits over a wide range of fre- 
quencies above and below the useful frequency band. 
However, once having achieved a design in which proper 
phase relations are secured the performance obtained is 
perfectly reliable. 

When adjusted properly this scheme exerts a remark- 
ably stabilizing effect on the amplifier but a second means 
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for obtaining stability is used which serves as a check on 
the first. This second means consists of an external feed- 
back, which is so-called because it is external to amplifier 
A and which is nothing more or less than a special use of 
the familiar and extremely accurate null-balance system. 
As shown in figure 2, a resistance Rp is introduced in the 
output circuit of such value that 0.010 volt appears across 
it with the proper full-scale current flowing through the 
indicating instrument. This voltage is then compared 
with the input voltage of 0.010 volt and they should be 
identical. However, should either one increase or de- 
crease more than the other or change phase angle with re- 
spect to the other there will be a voltage difference. This 
difference, or error as it is in this case, can then be ampli- 
fied by an amplifier such as B and introduced directly back 
into amplifier A in such manner that it will adjust the 
output of A to the correct value corresponding to the input 
voltage. 

There is another advantage in the use of this circuit that 
might not be evident at first glance. The secondary of 
transformer 7} (figure 2) is supplying power to the grid of 
the first tube in amplifier A. This power is small to be 
sure, but due to the internal grid-to-cathode capacitance 
of the tube, there is sufficient leading current to cause 
a slight phase shift in the output of transformer T;. This 
introduces an error which is not corrected by use of the 
first feed-back system alone. The secondary of trans- 
former 7» feeds into the grid of the first tube of amplifier 
B, but its voltage output is balanced against the voltage 
across Ro, so the only current that can flow in this trans- 
former and cause phase shift will be due to the difference 
between these two voltages. Normally this difference will 
be very small and, therefore, the secondary of 7» will be 
essentially open-circuited and its secondary voltage will 
be truly representative of the voltage drop across the 
shunt regardless of variations in tube grid characteristics, 
and can be balanced against that portion of the output 
voltage appearing across Ry for a true comparison of the 
input and output of amplifier A. 

Obviously the effectiveness of this method depends on 
how much the output voltage must depart from its cor- 


Electrical circuit of stabilized amplifier 


Figure 3. 
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power- 


Figure 4. Stabilized amplifier and associated 
supply unit for General Electric 480-cycle a-c network 
analyzer 


rect magnitude and phase to produce the necessary cor- 
rective effect. The smaller this voltage the more accurate 
the balance; the limiting condition being when self-sus- 
tained oscillations occur. 

The complete amplifier circuit incorporating both sys- 
tems of feedback is shown in figure 8. The main amplifier 
consists of a pentode driving a power pentode with a second 
power pentode connected to the output transformer in 
such manner as to cancel the d-c flux in the output-trans- 
former core. The internal feedback is made from the 
plate of the output pentode through a resistance voltage 
divider to the cathode of the input tube. This connec- 
tion is necessary to secure proper phasing. The output 
circuit is tuned with a series capacitor to bring the current 
in proper phase with the input voltage. The null-balance 
amplifier consists of a pentode driving a triode with a 
voltage divider in the triode output to allow control of 
the correction voltage introduced into the main amplifier. 
The input pentodes are used because of their low input 
capacity together with their high amplification and the 
triode is used in the null-balance amplifier to keep the re- 
sistance value of the voltage divider as small as is practi- 
cable. Commercially available parts are used throughout. 
A photograph of the amplifier and associated power supply 
is shown in figure 4. 

The amplifier circuit constants are quite conventional. 
The plate circuit of one stage of amplifier B is tuned at 
480 cycles; this increases the feedback through B that can 
be obtained before oscillations occur. This particular 
method of phase-angle control limits the useful frequency 
range of the amplifier, but it is not detrimental in this ap- 
plication because the frequency will not vary more than a 
few per cent from 480 cycles. In many cases it is advan- 
tageous to discriminate against harmonics; however, if a 
band of frequencies must be covered, then other methods 
of phase angle control will have to be used. 


Accuracy and Stability 


This particular amplifier utilizes feedbacks of approxi- 
mately ten to one in amplifier A and 70 to 1 due to am- 
plifier B. The errors are reduced by a factor of 700, so 
the extreme case of a 70 per cent change in amplification 
of one tube only affects the over-all stabilized amplification 
by one-tenth per cent. The stabilizing effect is so great 
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‘that the over-all amplification characteristics are substan- 


tially unaffected by changes in the amplifier. 

It would be possible to increase the feedback in ampli- 
fier A to many times the above value,* but in this particu- 
lar application the extra stability was not necessary and 
the simplicity of a two-stage amplifier seemed advanta- 
geous. Likewise, the effectiveness of the feedback due to 
amplifier B can be increased providing that the various 
phase shifts occurring in amplifiers A and B can be con- 
trolled to eliminate self-sustained oscillations, but the 
extra complications involved did not seem warranted for 
this application. The amplifier shown tends to oscillate 
if the feedback due to amplifier B is made greater than 
about 100. 

To insure the highest accuracy possible each amplifier 
is adjusted for phase angle and magnitude with its respec- 
tive indicating instruments. The stabilizing effect is 
adequate to take care of the normal +10 per cent varia- 
tion in instrument reactance between zero and full scale. 

The input-output ratio can be maintained so precisely 
by using these two stabilizing systems that ordinary in- 
struments are not accurate enough to use in obtaining the 
initial adjustments. By virtue of the null-balance circuit 
the input to the null-balance amplifier represents any over- 
all error in magnitude or phase angle between the input 
and output, so the initial adjustments are made until the 
output of this amplifier is zero. The ratio of amplifier A 
is controlled by varying the amount of internal feedback 
and the phase angle of the output current is adjusted to 
compensate for the inductance of the indicating instru- 
ment by means of a series capacitor. 

An indicating device can be connected to the output of 
the null-balance amplifier and used as an indicator to show 
if the amplifier is working properly. In the network ana- 
lyzer application this was not thought to be necessary 
because a circuit is provided, to which the amplifiers may 
be connected, and in which the voltage and current are 
adjusted to give predetermined deflections on the volt- 
meter, ammeter, and wattmeter. By connecting both 
amplifiers to this ‘‘standard circuit’’ they can be checked 
one against the other. This is not used as an absolute 
calibration for the instrument system but it does serve to 
increase the reliability for, if the readings do not check, 
something must be wrong with one or both measuring cir- 
cuits. 

Several of these amplifiers have been made and calibra- 
tion tests indicate an accuracy of better than one-tenth 
per cent in magnitude and ten minutes in phase angle. 
The amplifiers are rated one-half per cent and 20 minutes. 
Tubes can be interchanged freely, and line-voltage varia- 
tions on the amplifier power supply of 20 per cent do not 
change the calibration; however, when using high-speed 
light-beam instruments, severe transients in the 60-cycle 
power supply will cause the light beams to jump, after 
which the reading returns to the correct value. To elimi- 
nate this, a regulator can be placed in the 60-cycle supply 
to the amplifier power units to remove these transients. 
After being in constant use for eight weeks, two amplifiers 
and their associated indicating instruments were found to 
have a maximum deviation from their original calibration 
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a ‘ 
With the proper use of stabilizing circuits, electron-tube 
amplifiers can iow be built that are just as accurate and 
reliable as, and in many respects better than, the indicat- 
ing instruments with which they are to be used. Such 
amplifiers combine the characteristic low power-input re- 
quirements of vacuum tubes with the accuracy and re- 
liability found in high quality measuring instruments. 
The use of stabilized amplifiers may be extended to any 
application where accurate measurements are required 
of quantities too small to be measured any other way. 
Their proved accuracy and reliability should go a long 
way toward getting around the average engineer’s inhibi- 
_ tions against the use of electron tube apparatus whenever 
_ accurate and reliable measurements must be made. 
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Discussion 


H. L. Hazen (Massachusetts Institute of Technology, Cambridge): 
This paper, in my opinion, describes a significant development in the 
field of electrical measuring instruments. By the technique here 
described it is practicable to attain a new order of speed of response 
and accuracy in rugged, low-burden instruments. It appears that 
the possibilities of this technique are numerous where the ac- 
curacy and speed of standard portable instruments are desired with 
burdens that are a minute fraction of those imposed by such portable 
instruments themselves. 

Apart from the significance and utility of the design as a whole, 
there are several questions regarding the details on which I should 
like to comment in this discussion. There are two types of feedback 
employed in this amplifier which for the most part are mutually 
helpful. One of these feedbacks—the linear feedback—is actuated 
by the output voltage. The other—that due to amplifier B—is 
actuated by output current. It appears that in a device of this sort, 
in which the indicating instrument inherently responds to current 
rather than to voltage, the amplifier should be so designed as to main- 
tain the desired mutual conductance of the unit as a whole. That 
is, for any given input voltage a definite current proportional to this 
voltage is desired in the indicating instrument. It appears that 
feedback based entirely on output current rather than on voltage 
or a combination of voltage and current, is therefore desirable. 

A theoretical analysis of this amplifier has been made with Mr. 
G. S. Brown to determine the effects of these feedbacks and to com- 
pare them with other feed-back schemes. One basis of comparison 
is the ratio of the fractional change in mutual conductance to the 
fractional change in another variable, such as the gain of amplifier 
A, the impedance of the output circuit, or the internal impedance of 
amplifier A as viewed from its output terminals. With the scheme 
as used, it appears that the fractional change in the mutual conduc- 
tance is about one seven-hundredths of the fractional change occur- 
ring either in the gain of amplifier A or in its internal impedance as 
viewed from its output terminals. In contrast, the fractional change 
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in the mutual conductance is not one seven-hundredths, but one- 
seventieth of the fractional change in the load impedance because 
the linear component of feedback is based on output voltage rather 
than output current. Ifa comparable amplifier is made in which the 
feedback is all based on output current, the change in the mutual 
conductance caused by changes in amplifier-A voltage ratio, by 
changes in amplifier-A impedance as viewed from its output ter- 
minals, or by changes in the load impedance—all become the same. 
It appears, therefore, that for a device of this sort, feedback based 
on output current rather than on output voltage is desirable. 

It is stated in the paper that one advantage of using the type of 
feedback involving amplifier B is that it tends to make the voltage 
actually applied to the input terminals of amplifier A approach 
zero, and therefore reduces the current drawn at the input terminals 
of this amplifier. This statement seems open to discussion on two 
counts: First, it can be seen that if amplifier A and its linear com- 
ponent of feedback are suitably adjusted, the input to amplifier B is 
zero, and its output voltage is therefore necessarily zero. Hence it 
appears that amplifier B does not have any effect on the magnitude of 
the amplifier-A input voltage unless amplifier A and its linear com- 
ponent of feedback are out of adjustment. 

Second, any degenerative feed-back scheme—linear or otherwise— 
serves the purpose attributed to amplifier B, namely, it puts a 
voltage in series with the signal input voltage which has such 
polarity and magnitude as to make the sum of these voltages small 
compared with either. Thus, assuming the amplifier-B scheme of 
feedback to be functioning, it does nothing that any other feed-back 
scheme would not do on this count. 

Another way of considering the relative magnitudes of signal volt- 
age and actual amplifier input voltage is this: For a given amplifier 
output and amplifier gain, the input voltage to the amplifier is fixed. 
If the amplifier mutual conductance is WN times the desired ratio 
between output current and actual signal voltage, then the net 
amplifier input voltage is necessarily only 1/ N of the signal voltage. 
This, as was pointed out above, is characteristic of any degenerative 
feed-back amplifier and not merely of the particular type of feedback 
represented by amplifier B in this circuit. 

In raising the foregoing questions I do not wish to detract in any 
way from the value of this development. On the contrary, the 
contribution seems so significant in the measurement field that it is 
worth while to give attention to matters which may be relevant to the 
design of similar units in the future. The foregoing comments are 
based primarily on theoretical considerations, and I shall be glad to 
have the author’s comments, both from the theoretical and from the 
practical point of view. 


F. K. McCune (General Electric Company, Lynn, Mass.): Mr. 
Thompson’s paper should be of universal interest to those concerned 
with electrical measurements. The combination of circuits de- 
scribed appeals to me as particularly ingenious since it compensates 
not only for magnitude of current but for phase angle as well. I 
feel that this latter feature is deserving of special comment since 
the accuracy of correction is such as to be perfectly adequate for the 
great majority of measurements. The value of ten minutes of 
phase angle corresponds to one-half per cent at 50 per cent power 
factor, however, and is therefore too large to neglect for very ac- 
curate measurements of power or vars. It will be of interest to 
see whether the continued use of these circuits shows greater ac- 
curacy possible. 

A possible field of application for this circuit would seem to be the 
measurement of extremely small currents such as are dealt with in 
noise and vibration measurements. Here the effect of “pick up”’ 
from extraneous sources, both of noise and vibration, may affect 
the readings obtained, due to the disturbances they produce in the 
amplifiers. If the frequency range of the circuits described can be 
made large enough, it would offer a possible solution to many trouble- 
some problems of this sort. 

It would seem from a rough examination that while phase-angle 
errors in A would be corrected by B, that phase-angle errors in B 
would result in considerable errors. For example assume currents 
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in the shunt and in Rp initially ten minutes out of phase. If ampli- 
fier B should have a ten-minute phase angle and the result should 
be subtractive, an out-of-phase current with a magnitude of a 
fraction of one per cent would be impressed on B and would be 
there amplified and impressed on A exactly in phase. The result 
would be no improvement in phase angle and an increased error in 
magnitude. 

Probably this is only a theoretical possibility, but calibration data 
on the circuits will, no doubt, be taken periodically and will give the 
real answer to all such considerations. 


M. S. Mead (General Electric Company, Schenectady, N. Y.): 
In the discussions of Mr. Thompson’s paper, “‘Stabilized Amplifiers 
for Network Analyzer,’ there appear to be four points which should 
be answered. Mr. McCune mentioned that in a wattmeter, even 
a very small phase-angle error will result at low power factor in con- 
siderable error. This is a well-recognized difficulty in all wattmeters 
and in this case the answer simply is that extreme accuracy in power 
or var measurements at low power factor is not required. So far, 
in the operation of the board, the accuracy of the watt and var 
measurements has been great enough, even at low power factors, so 
as not to handicap the operation of the board in any way. 

The second point he raised was in connection with the effect of 
phase-angle error in amplifier B on the phase-angle error of amplifier 
A. Without taking the time to submit a proof, it may be stated 
that with large amounts of feedback, any small departure from 180- 
degree feedback will result in an infinitesimal reduction in the bene- 
fits secured from the feedback. Therefore, we conclude that a small 
phase-angle error in amplifier B is unimportant. 

I know that Mr. Thompson appreciates the nice things Prof. Hazen 
said about the development. In his discussion, Prof. Hazen men- 
tioned two things. He stated that it would have been better to 
have designed the amplifier so that 700 times current feedback was 
used alone without the voltage feedback. Others have offered the 
same comment. We are in entire agreement with this thought. 
However, it is extremely difficult to build an amplifier including an 
output transformer and having a feedback ratio of 700. Con- 
fronted by limitations of time and facilities, nevertheless, a feed-back 
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ratio of 700 was secured by using the compound effect of two sepa- 


“rate feedbacks, each of which was quite easy to get. 


The second point Professor Hazen mentions apparently resulted 
from some misinterpretation of the text. The paper stated that 
there was a distinct benefit secured from using external feedback 
and a reference voltage derived by an additional transformer across 
the current shunt. This advantage is not coycerned with the 
amount of grid voltage input to amplifier A as Professor Hazen un- 
derstood was claimed, but rather to amplifier B whose input voltage 
approaches zero and consequently the amplifier cannot act in any 
manner as a load on the transformer supplying the reference voltage. 


H. A. Thompson: The discussion seems to center around the ques- 
tion of just which feedback is the simplest and best. Considering 
that the particular instruments used respond to current rather than 
voltage, as Professor Hazen has mentioned, it is advantageous to 
use current feedback and control the transconductance of the ampli- 
fier rather than the voltage amplification. 

The time at our disposal to develop this amplifier was limited and 
a conservatively rated two-stage amplifier with feedback appeared 
to be the simplest and most reliable unit we could assemble and still 
get the required amplification. The null-balance amplifier B was 
added to serve as a check on the performance of amplifier A and also 
to compensate for the variation in instrument inductance and the 
mutual voltages introduced in the wattmeter coils. No trouble was 
experienced due to the effects of phase shifts in B. If necessary, it 
would have been a simple matter to stabilize B with negative voltage 
feedback similar to that used in A. Asa matter of fact, tests indi- 
cated that the tuned circuit used in amplifier B could be detuned 
considerably without any harmful effects. 

Doubtless, if the time and money were available, this amplifier 
could be improved, but for this particular application the accuracy 
and reliability needed did not warrant any further development. 
Operating experience has indicated that the amplifiers perform well 
within the operating requirements of the network analyzer. In 
fact, the wattmeter has been used at power factors as low as seven 
per cent with acceptable accuracy, and phase angle measurements 
are made using the wattmeter at zero power factor. 
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Introduction 


HERE ARE a number of public utilities that have 

instituted programs for curtailing and in some cases 

completely eliminating the d-c power supply to con- 
centrated load areas. The change from d-c to a-c power 
supply for elevators in the affected areas requires the sub- 
stitution of a-c elevator equipment or the use of converters 
_ to supply d-c to the existing elevator equipment. Eleva- 
__ tors may be operated equally well from either alternating 
_ current or direct current, so the choice is dependent upon 
_ the cost of the change-over. 
Where a converter is to be used, a phanotron rectifier 
_ possesses many advantages. Its first cost is competitive 
_ with other forms of converters. It has no rotating parts 
and so requires no special foundations, and it is quiet in 
operation. These two characteristics permit greater 
freedom in selecting the location of the converter. It is 
more efficient than a motor generator set. It is semi- 
automatic in operation, thus requiring little attention from 
the building attendant. 

The phanotron rectifier used for elevator power supply 
is of particular interest as it is the first industrial applica- 
tion of the modern type of metal electron tube in power 
sizes. In addition the automatic features incorporated in 
these rectifiers have resulted in a very successful service 
record and consequently merit the careful attention of 
those interested in applying electronic equipment for 
power purposes. 

Before describing the phanotron rectifier and consider- 
ing its features, the power requirements of elevators will 
be reviewed. 


Power Requirements of Elevator 


Elevators with few exceptions are simple counter- 
weighted hoists in which counter weight generally equals 
that of the cab and its appurtenances, plus 40 per cent 
of the cab capacity. The motor load is characterized by 
peak power consumption during the starting and acceler- 
ating period followed by a very much reduced load during 
the running period, which depends upon the number of 
passengers in the cab, and may be regenerative in charac- 
ter, followed by regenerative braking to a slow speed or 
stop. The current required to accelerate full load may 
vary from 100 to 250 per cent of the current required to 
hoist fullload. The usual maximum regenerative load on 


gearless installations is approximately 48 per cent of that 
ee 
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- Phanotron Rectifiers as a D-C Supply for Elevator Motors 


R. G. LORRAINE. 


MEMBER AIEE 


required to hoist full load, and on geared installations, 23 
per cent. 

Where there is more than one elevator in an installa- 
tion, it is impossible to predict the load demand from the 
speed and capacity of the various elevators. The average 
elevator does not operate more than 50 per cent of the 
time that it is in service. Since the loading is usually 
directional with respect to time of day, maximum load 
will not be required more than 25 per cent of the operating 
time. Consequently, the ratio of maximum to average 
load will be high where only a few elevators are involved 
in a given plant. As the number of elevators increases, 
the ratio reduces and the short time power peaks become 
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Typical load on a bank of three elevators with 35- 
horsepower motors 


Figure 1. 


less pronounced. The type of motor used also has a con- 
siderable effect on the shape of the power demand curve. 
A typical elevator load is shown in figure 1. 

If load curves can be obtained during times when the 
elevators carry heaviest loads, the maximum momentary 
peak current, the average current, and the root mean 
square current may be estimated and used as a basis for 
determining the size of the phanotron converter. 


The First Installation 


In the fall of 1935, a trial installation was made in 
Chicago using a four-tube rectifier operating from a power 
supply of 208 volts, 3 phase, 60 cycles, and delivering 
direct current at 230 volts. Operating data obtained be- 
fore the change-over showed instantaneous peaks in excess 
of 200 amperes. These peaks and the fact that the only 
phanotron tube in this current range was rated 30 amperes 
average with a momentary peak commutating capacity 
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Figure 2A. Front 
view of rectifier 
with doors open 


of 150 amperes, necessitated the use of a double single- 
phase circuit with an interphase transformer to obtain the 
required momentary peak capacity. The original design 
included anode fuses to protect the rectifier. Soon after 
this unit was placed in service, a tube arc-back or short 
circuit blew the anode fuses and left the elevator stranded 
between floors. This occurrence clearly indicated the 
necessity of eliminating the fuses, and in addition, pro- 
viding reserve rectifying capacity in order to maintain 
service in event of a tube failure. 


Phanotron Rectifier 


A modified rectifier design using six phanotron tubes, 
anode contactors, thermal overload relays, and reclosing 
timers was then built. It operated so successfully that 
all subsequent rectifiers for elevator service have followed 
this same fundamental design. 

The general appearance of the rectifiers is shown in 
figure 2. It consists primarily of phanotron tubes 
mounted in the middle section, with power transformers 
and interphase transformers mounted in the base. The 
associated control and protective equipment is mounted 
upon a panel within the cubicle, and the cubicle is pro- 
vided with two full length hinged doors to give ready 
access to all parts of the rectifier. The tubes are enclosed 
in an individual section at the back of the cubicle, which 
extends the length of the rectifier, access being provided 
by two small hinged doors inside the enclosure. This 
compartment is in effect a chimney providing the proper 
ventilation to maintain the tubes at the desired operating 
temperature. The screened opening through which the 
ventilating air enters is located at the rear of the cubicle. 
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To date, there have been built seven 230-volt units and 
three 550-volt units. These range from 25 kw for one 
hour to 40 kw continuously at 230 volts, and 50 kw for one 
hour at 550 volts. 

These rectifiers are usually described by a one-hour 
kilowatt and a peak-current rating as the elevator load is 
directional and highly concentrated with respect to time 
of day. 


Phanotron Tubes 


The phanotron tube used in the elevator type of recti-_ 
fier is of the directly heated hot-cathode type, with a 
metal envelope, internal insulated anode, and mercury 
vapor. The tube (This tube bears the trade designation 
FG-166.), figure 3, is designed to operate at condensed mer- 
cury temperatures of from 20-80 degrees centigrade. This 
range corresponds to an ambient temperature of from 20 
degrees to 50 degrees centigrade. Before a rectifier of this 
type can be placed in service, the proper vapor conditions 
must be established inside the tubes and the filaments 
must be brought to the emitting temperature. To 
accomplish this, the filaments should be energized for a 
short period of time, one to two minutes under ordinary 
conditions or a longer time if low ambients are encoun- 
tered. If the rectifier is to be placed in a position where 
the ambient goes below five centigrade, thermostatically 
controlled dampers or louvers are used in the ventilating 
system to assist in maintaining the proper operating 
temperature of the tubes. 

The average expected life of this type of tube is 10,000 
hours when operated under conditions described here. 
Four installed in October 1935 have already given approxi- 


Figure 2B. Front 
view of rectifier 
with main door 
and tube-com- 
partment door 
open 
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ately 16,000 hours service and twelve installed in Janu- 


ary 1936 have been operating continuously with no fail- 
ures. 


Triple Single-Phase Full-Wave Circuit 


In a single-phase full-wave connection, each tube carries 


current for 180 electrical degrees. The tube used in the 


oe nee Figure 3 (left). FG-166 hot-cathode 


hd tube used in rectifiers 


Figure 4 (right). Elementary a-c control 
diagram 

T-1—Cathode-heater timing relay 

T-2—Reclosing timing relay 

T-3—Alarm relay circuit 

LA1, 2, 3—Thermal relays 

TR1, 2, 3—Thermal relays 

OL—Overload relay 

SW—Control switch 

UR—Unbelance rela, 


rectifiers has an average rating of 30 amperes with a peak 
rating of 150 amperes. Thus, such a single full-wave 
rectifier would have an average current rating of 60 am- 
peres and a maximum momentary peak rating of 150 am- 
peres. Likewise, three such rectifiers, one connected to 
each phase of a three-phase supply, and having their cath- 
odes paralleled through interphase transformers, would 
have a combined rating of 180 amperes, and a momentary 
peak rating of 450 amperes. This arrangement of con- 
nections will be called a triple single-phase circuit. The 
triple single-phase full-wave circuit has the additional ad- 
vantage of balancing the load on the three-phase supply. 
Also this arrangement increases the ripple frequency and 
reduces its magnitude because of the 120-degree displace- 
ment resulting in a smoother d-c voltage. Considering 
motor generator sets, however, I would say that the set 
had a continuous rating of 180 amperes and a maxi- 
mum commutating peak capacity of 450 amperes which 
the generator could safely produce. The single-phase 
circuit makes possible the maximum utilization of the 
current carrying capacity of the tube resulting in greater 
reliability of operation and longer tube life than is ob- 
tainable in any other type of circuit so far available for in- 
termittent service. 

The experience gained on the four-tube rectifier indi- 
cated the desirability of using a circuit which would have 
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enough reserve capacity to keep the elevators in service 
in the event of a tube failure. The triple single-phase full- 
wave circuit accomplishes this purpose as it may be op- 
erated as a double single-phase full-wave circuit and 
produce two-thirds of its rated output simply by opening 
the circuit having a faulty tube as an inspection of the 
elementary circuits will show this possibility. 

The power and control circuits are shown on figure 4, 


208 VOLT —60 CYCLE 
3 PHASE ; 
CATHODE HEATER 
TRANSFORMER 


GROUN 


TO CATHODE HEATERS 
ores OF TUBES 
Me} 
OL 
TO ALARM WER 
CIRCUIT ANSFORMER 


elementary a-c control diagram; figure 5, elementary dia- 
gram of power circuit; figure 6, elementary d-c control 
diagram. 


Functions of Semiautomatic Control 


In case a tube arcs back, the a-c overload relay (OL) 
opens the coil circuit to the anode contactors which im- 
mediately open. After two seconds the anode contactors 
are reclosed by reclosing relay (72). If the trouble per- 
sists after several reclosures, one of the three double-pole 
temperature overload relays (7R-1-2-3) in the faulty 
circuit will open the coil circuit of its associated anode con- 
tactor and operation will be continued with the remaining 
phases and four tubes. The tubes are removed in pairs 
because the failure of one tube in a single-phase full-wave 
circuit produces saturation in its anode transformer and 
also reduces the average output voltage resulting in the 
remaining tube carrying practically no current. The 
opening of the contactor in one single-phase circuit 
changes the ripple frequency causing the operation of un- 
balanced relay (UR). The operating coil of this relay 
forms a part of a series tuned circuit connected across the 
d-c output (see figure 6). The unbalanced relay (UR) 
operates a relay (73) to close the user’s alarm or indicating 
circuit. If the disturbance has been one of repeated arc- 
backs, the defective tube can be identified through its 
element of the temperature relay in that phase. 

If the tube fails to conduct because of lack of emission, 
the unbalanced relay (UR) will operate the alarm, no other 
relays operating. In this case the anode contactors will 
not be open, but the defective tube can be identified by 


TRANSACTIONS 387 


its lack of the characteristic blue glow as seen through the 
anode seal at the top of the tube. In order that a spare 
tube may be placed in operation, provision is made for 
holding it between the active tubes so that the radiated 
heat will keep it warm and the mercury properly dis- 
tributed. 

On the occurrence of a severe overload the control 
functions in the same manner as that for an arcback. If 


Elementary diagram of power circuit 


Figure 5. 


CHI—Cathode-heater transformer FG-166—Phanotron tube 
/PT—Interphase transformers PT—Power transformers 
LA1, 2, 3—Anode contactors T—Thyrite arresters 

TR1, 2, 3—Thermal relays 


the overload persists for less time than required for the 
thermal relays to operate the anode contactors will re- 
close and normal operation will be resumed. 

When connecting the rectifier to the source of supply, 
the cathode-heating transformers (CHT) (figures 4 and 5), 
are energized and supply excitation to the tubes. A tim- 
ing relay (71) is energized and after a predetermined 
time applies voltage to a reclosing timer (T2). In two 
seconds, voltage is applied to the closing coils (LA-1, 2, 3) 
of the three-tube anode contactors provided the control 
switch (SW) is closed. The closing of these contactors 
completes the circuit and makes power available. 

The rectifier may be removed from the d-c load by open- 
ing switch (SW) which de-energizes contactors (LA-1, 2, 
3) and opens the power circuit of the rectifier. How- 
ever, the cathode-heater transformers remain connected 
to the power supply so that upon closure of SW, the recti- 
fier is immediately reconnected to the load. Opening of 
the a-c power supply de-energizes the timing relay and 
power transformers. For the resumption of operation 
upon reclosure of the power supply switch, the timing cycle 
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must be‘repeated after which the rectifier can be returned 
to service. 


Overhauling Load 


When the elevator is lowering a sufficiently heavy load, 
it holds speed by regenerative braking. Since the elevator 
rectifier cannot return this power to the supply circuit, it 
is necessary to provide a loading resistor which will ab- 
sorb it. The loading resistor (R3) is shown in elementary 
d-c control diagram, figure 6. 

The operation of the regenerative loading circuit is as | 
follows: if power is supplied to the d-c output circuit, 
the coil of timing relay (74) is energized through the load- 
ing resistor (R3), which relay completes the circuit of the 
instantaneous voltage relay (VR). When the rectifier 
operates with an overhauling load, the voltage on the d-c 
bus rises sufficiently above no load voltage to actuate 
voltage relay (VR) which in turn closes the loading resistor 
contactor (L) and allows it to absorb the overhauling load. 
The closing of contactor (L) also de-energizes the operat- 
ing coil of the timing relay (74), which after four seconds 
drops out, opening the voltage relay coil circuit so that the 
control is ready to repeat the cycle if the regenerative con- 
dition persists. As the regenerative power usually exists 
for much less than four seconds, generally one operating 
cycle is sufficient. 


Power and Interphase Transformers 


The transformers employed in these rectifiers are of the 
natural-draft air-cooled type as this construction provides 
the most economical design. As the transformers are 
located inside the cubicle (see figure 2) individual en- 


R-1—Loading resis- 
tor 

UR—Unbalance re- 
lay 
CAP—Capacitor 
VR—Voltage relay 
R-2—V ariable resis- 
tor 

T-4—Timing relay 
L—Contactor 

R-3 — Regenerative 
loading resistor 


Figure 6. Elementary d-c control diagram 


closing cases are not required. Transformers operating 
in rectifier circuits are subjected to transients during 
faulty operation. To protect the windings against any 
surge voltages that may be induced at such times, thyrite 
resistors (7) in figure 5 are connected across power trans- 
former secondaries to neutral, and across one winding of 
each interphase transformer. 

The triple single-phase circuit requires three interphase 
transformers. Each transformer has two independent 
sections connected zig-zag in order to cancel the d-c am- 
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pere turn under balanced load. The connection is equally 
effective with either two or three single-phase circuits in 
operation. 

The design of the interphase transformer is of special 
importance in this particular service as the magnetizing 
current determines the point of inflection of the voltage 
regulation curve, figure 7. Slight manufacturing varia- 
tions will naturally be encountered in similar circuits of 
identical design; hence, the d-c current supplied by each 
rectifier circuit will be different. To prevent saturation 


due to any small unbalance that may be present, the in- 


terphase transformers are constructed with an air gap. 
The magnetizing current being roughly proportional to 
the air gap, a small air gap is desirable in order that the 
inflection points occur at as light a d-c load as possible. 

To provide the desired interphase transformer char- 
acteristics, the air gap is slotted, that is there is a small sec- 
tion of iron in the gap which produces a low-impedance 
flux path at light load, but which saturates very early 
under increased load, and so effectively lengthens the air 


_ gap. To prevent a high no-load voltage, a small loading 


resistor (R-1) (figure 6) rated 1.6 amperes is permanently 
connected across the d-c output. Its loss is only a small 
percentage of the no load loss of the rectifier. 


Voltage Regulation 


With the loading resistor in the circuit, the voltage at 
no load is about 257 volts and the voltage regulation of the 
elevator rectifier is approximately ten per cent as shown 
by the flat portion of solid line in figure 7, The dotted 
curve in figure 7 shows the regulation which would be ob- 
tained if one branch of the triple single-phase circuit were 
not operating. This latter regulation has been found to be 
sufficiently good to maintain substantially normal opera- 
tion of the elevators. 


Efficiency and Power Factor 


The efficiency curve of the 40-kw, one-hour, 230-volt rec- 
tifier is very flat as shown in figure 8. This is materially 


EXPANSION 
OF CURVE 


RECTIFIER OUTPUT — D-C VOLTAGE 


ie} 40 80 120 160 200 240 
D-C LOAD CURRENT 


Figure 7. Voltage-regulation curve 


better than can be obtained from a motor generator set of 
like rating, particularly at the light loads which are usu- 
ally encountered with most elevator plants because of 
their low load factor. No-load losses are approximately 
2.4 kw. 

Figure 8 also shows the input power factor. It will be 
noted that this is very good even at no load, where the 


Figure 8. Power 
factor and effici- 
ency 25 kw con- 
tinuous; 40 kw, 
one hour, 240 
volt, rectifier; no- 
load loss 2.4 kw 
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power factor is approximately 0.77. This is contrasted 
with a motor generator set having a no load loss of approxi- 
mately 3.5 kw at a power factor of 0.25. 


Summary 


The triple single-phase phanotron rectifiers at the pres- 
ent time are built in capacities up to 40 kw at 230 volts 
and 75 kw at 550 volts. Their application has not been 
confined to elevator loads, one having been applied to 
general machine shop load including cranes, and another 
handling the entire building load elevators, ventilating 
fans, pumps, etc. 

The units are self-contained with all live parts enclosed 
and if desired the cubicle may be locked. The installation 
wiring is limited to bringing in the a-c supply and con- 
necting the d-c load. Installation costs are thus held to a 
minimum. 

The operation of the seven rectifiers in service has to 
date been entirely successful. Additional rectifiers have 
been purchased by the original users after one year of use, 
indicating the suitability of the rectifier for hoisting 
service. 


Discussion 


T. G. Glenn (General Electric Company, Chicago, Il.): There are 
at present five 40-kw and two 25-kw, 250-volt phanotron rectifiers 
furnishing power for elevator equipment in the Chicago Loop area. 

These rectifiers supply power for elevators, both freight and pas- 
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senger, which in the majority of cases are in service 24 hours a day, 
seven days a week, so that the phanotron equipment is energized con- 
tinuously. Because of this continuous service it is essential that the 
equipment operate with high no load efficiency. 

The installations in the Chicago Loop area have been very succes- 
ful and given remarkably satisfactory service. As the buildings in 
which they are installed are of a smaller office and manufacturing 
loft type, the electrical maintenance force is not of the caliber to give 
equipment the type of maintenance that rotating apparatus would 
require. In fact the equipments since their installation have seen 
little or no maintenance, and several of them are covered with dust 
and have not been inspected in months. 

This is a condition, of course, that is not desirable and one which 
has been called to the building managements’ attention, but it does 
indicate that the phanotron rectifiers will operate with little or no 
attention. 

It has been found desirable to make complete load checks before 
recommending the size of conversion apparatus, or the size of resistor 
for regenerative braking. Load tests have been of an advantage as 
elevator equipment in most instances is old and nameplate ratings do 
not indicate the true capacity of the equipment. 
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As these phanotron rectifiers were installed in buildings where most 
of the available space’ is in use, rectifiers must be installed where 
space is available, sometimes this in the the basement and sometimes 
in an out of the way corner on one of the floors of the building. Our 
experience has shown that locations that were not suitable for rotat- 
ing apparatus could be used for the rectifiers. 

At first the electrical contractors who in general are installing the 
phanotron rectifiers, were skeptical of the equipment. This attitude 
perhaps was due to the equipment being new and unfamiliar to them, 
and contained electronic devices. However, the extreme simplicity 
of installation and wiring appeals to them. For instance, the wiring 
of a phanotron rectifier equipment requires only the installation of a 
three-wire incoming a-c line and a disconnect switch, and an outgo- 
ing two-wire d-c line to connect the load sides of the rectifier with the 
existing d-c mains in the building. 

The long tube life experienced in these installations indicates a low 
maintenance cost. 

The operating experience of the phanotron rectifiers in the Chicago 
area has shown that these units if properly installed, will furnish 
service comparable to that supplied from a 250-volt d-c system of the 


power company. 
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Transmission Line Transients in Motion Pictures 


By L. F. WOODRUFF 


MEMBER AIEE 


motion pictures at Massachusetts Institute of Tech- 
nology, one of those favored was that of traveling 
_ waves on transmission lines. Reasons for the selection 
included the mathematical complexity of the subject and 
the difficulty of teaching it without spending an undue 
amount of time, and the fact that the phenomena which 
are involved are functions of both time and distance, and 
hence difficult to illustrate or visualize by ordinary 
methods. Experience in the use of the films with classes 
has shown that students’ general understanding and ap- 
-preciation of the subject are indeed greatly improved by 
viewing the motion pictures. The films which have been 
prepared have been and are now available in both the 
16- and the 35-millimeter widths for free loan to other 
technical schools and associations. 

In undertaking the work, it was decided that a true 
picture should be presented as far as was reasonably 
practicable. Waves computed on the basis of neglecting 
resistance and leakage would be very easy to show, since 
the resulting waves would be purely rectangular in shape. 
This method could not even allow showing the settling 
to the steady state. Computing the waves from the 
formulas for the distortionless line case (R/L = G/C) 
would be relatively easy, but the results would not be 
very appropriate since this condition presupposes an 
amount of leakage which is much greater than that pres- 
ent on any ordinary line. Furthermore, both of these 
foregoing methods involve neglecting skin effect and any 
other phenomena which result in the departure of the 
wave front from the vertical. 

A better method of computing, but one which still 
neglects the factors which lead to a rounded wave front, 
is the one which results from the analysis based on uni- 
formly distributed line constants of resistance, induc- 
tance, and capacitance. This is not an easy method to 
apply numerically, but it was felt that at least one case 
should be treated in this way, if only for comparison with 
other results. 

Computation of wave distributions with skin effect 
taken into account can be worked out by brute-force 
methods, such as representing a suddenly impressed 
voltage by a Fourier’s series of period sufficiently long to 
allow the line to settle practically to a steady state before 
the following impulse comes on. This settling to the 
steady state may be hastened by having the line loaded 
by a resistance equal to its surge impedance. A tre- 
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mendous number of harmonics however must be handled 
even to approach fairly closely to the actual solution for 
a single time and position on the line. When it is con- 
sidered that literally thousands of complete curves of 
distribution are required for the motion pictures, and 
further that it is desirable to treat cases in which the re- 
flection at the load would add further great complexities 
in the calculation, it is seen that this method is not pos- 
sible to apply in any reasonable time or at reasonable 
expense. Steinmetz’ has made a very rough use of this 
method, but without the device of adding the surge- 
impedance load to hasten subsidence. 

A rather meager amount of progress has been made in 
more direct mathematical attacks upon the problem of 
traveling wave behavior with skin effect taken into ac- 
count, but there is no formula as yet developed which 
yields a solution sufficiently precise for the purpose at 
hand, or sufficient economy of time and effort to warrant 
its use for such a purpose. 

Attention was turned therefore to methods of deter- 
mining the data experimentally. The ideal source for the 
data would be a long actual power transmission line, but 
the practical difficulty of getting the use of such a line 
over a long enough period, and of taking observations at 
a large number of points along the line separated from one 
another by many miles, were very large. 

Fortunately there have been available for a number of 
years in the electrical engineering laboratories at Tech- 
nology, artificial transmission lines with distributed con- 
stants, designed by F. S. Dellenbaugh, Jr.2, Comparisons 
of oscillograms taken of transients on these artificial lines 
and on actual overhead lines have shown that the char- 
acteristics of the laboratory lines are very nearly the same 
as those of actual lines. It was decided therefore to use, 
as the chief source of data, oscillograms taken at various 
points along one of these laboratory lines. Various types 
of load could be connected, and the transients and re- 
flections resulting from complicated cases could be handled 
as easily as those from simple cases. A length of 250 
miles was selected as being about equal to that of the 
longest existing lines. Relatively simple cases were 
selected for first treatment, since the purpose was an 
educational one. 

On account of the rapidity of the transients and the 
steepness of the wave fronts, it was essential to use a 
cathode-ray oscillograph. In order to secure a standing 
image of the transient on the screen of the cathode-ray 
tube, and to obtain a time datum and comparative voltage 
datum with respect to the sending-end voltage, a special 
commutating device was developed to make it possible 
to give in effect a plurality of traces, of different currents 
or voltages, simultaneously on the screen. This device 
has been described in an earlier article.’ 
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Figure 1. Volt- 
age - time - dis - 
tance surface rep- 
resenting d-c 
switching _ tran- 
sient on open line 


It was decided that the films should be confined to 
showing variations of voltage, rather than bringing in 
current variations also, for several reasons. On power 
lines, when damage is done by traveling waves, it is by 
high-voltage rather than by high-current effects, and 
hence the voltage is practically more important. It is 
also easier to understand the entire phenomenon by watch- 
ing a voltage wave rather than a current wave, because 
with the proportionality which exists between voltage and 
charge on a smooth line, an idea of the current is obtained 
readily by mentally applying the analogy of a mass of 
liquid moving along as a wave or surge. The only dis- 
advantage in using voltage rather than current is that in 
the computation (which was used in one case for com- 
parative purposes) the voltage is much more difficult and 
tedious to calculate. This disadvantage however can be 
overcome, as will be seen later. 

Each oscillogram is a record of the time variation of 
voltage at some definite point on the artificial line, where- 
as the type of curve needed in preparing the motion pic- 
tures is a distribution of voltage along the entire length of 
the line, at a definite single instant of time. It was 
necessary therefore to replot the oscillographic data, 
transferring one ordinate from each oscillogram taken 
under a given set of line conditions, to a distribution curve. 
This was done by carefully ruling off all the 32 oscillograms 
which were taken for each case, by equal time intervals, 
and making use of a pair of proportional dividers to trans- 
fer and scale down the voltages recorded, at a particular 
length of time after energizing the line, on all the 32 
oscillograms, to the distribution curve for that particular 
instant. Corrections for nonlinearity of the sweep time 
axis and other distortions were made in this process. 


Direct Voltage on Open Line 


The first case treated was that of the open-end line, 
with direct voltage suddenly impressed on the uncharged 
line at the sending end. 

As an aid in visualizing the three-dimensional variation 
involving distance, time, and voltage, tracings of the 
oscillograms were made and glued to sheets of plywood, 
and then cut out along the curves by means of a jig saw. 
When these pieces are assembled in order, they form a 
three-dimensional plot of the variation of voltage, during 
the transient period, with both time and distance. A 
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photograph of this solid figure for the open-line case is 
reproduced in figure 1. hanes 

With reference to this solid figure, each voltage distribu- 
tion curve may be visualized as a thin slice of the figure 
made in a direction perpendicular to the plane of the ply- 
wood pieces and to the base. 

The voltage distribution curves for a number of in- 
stants of time are shown in figure 2. It is seen that the 
wave undergoes attenuation and distortion during its 
travel, and the wave front becomes progressively less and 
less steep. Complete reflection at the open end takes 
place without a change of sign, resulting in a voltage nearly | 
twice the impressed voltage for a short time. Reflection 


Figure 2. Direct- 
voltage waves on 
open line 
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Figure 3. Direct- 
voltage switching 
transient on short- 

circuited line 


: at the sending end occurs with a reversal of sign, and after 
} several trips of the wave over the line the distribution is 

obviously approaching the steady state of a voltage along 
: the whole line equal to the impressed voltage. This is 
_ in the absence of any appreciable leakage on the line. 


_ Technique of Actual Photography 


1 


When distribution curves had been plotted in the man- 
ner already explained, dark paper cutouts were made 
with scissors to fit the distributions. These were then 
glued to white paper background sheets, which had per- 
forations to locate them precisely over pins on a platform 
under a motion-picture camera. The procedure was 
quite similar to that used in animated cartoon motion 
pictures. The background drawings of the transmission 
line, scale lines, generator, and terminal connection in the 
animation scenes were made on celluloid. These were 
then printed photographically on film to avoid trouble 
due to chipping off the ink, which occurred when the 
original drawings on transparent celluloid were used re- 
peatedly. Transparencies were used also in obtaining a 
number of special effects, including rotating commutators, 
closing switches, sections of wave moved and inverted to 
illustrate the action of complete reflection. 

In order to economize on the labor required, the dis- 
tribution plots were not made independently for each 


Figureére Direct. So 
voltage waves on 
short-circuited 
line 


frame of the motion picture. One was made for every 
eighth frame, and the distributions in between were 
determined by graphical interpolation first into halves, 
then quarters, and finally eighths. One hundred twenty- 
eight different views were prepared to produce a transit of 
the wave from one end of the line to the other. As the 
steady state was approached and the motion became very 
slow, it was found possible to use one distribution diagram 


Figure 5. Direct-voltage switching Figure 6. 


transient on line loaded with resistance 
greater than surge impedance 
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Direct-voltage switching 
transient on line loaded with resistance 
equal to surge impedance 
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switching 
transient on line loaded with resistance 
less than surge impedance 


Figure 7. Direct-voltage 
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for two or more successive exposures on the film, without 
producing an effect of jumpiness on the screen. 

On the screen, the progress of the wave is shown in 
slow motion, its time of propagation on the 250-mile line 
being increased from one seven-hundred-fiftieth second 
to about ten seconds. The actual linear speed on the 
screen is made about one billionth of the actual speed. 


Direct-Voltage Waves on Short-Circuited Line 


The second case treated was that of direct-voltage waves 
on a short-circuited line. The solid figure showing the 
voltage-time-distance variation is pictured in figure 3. 
A number of the voltage distributions along the line are 
shown in figure 4. 

Combined with the depicting of the building up of the 
voltage on the short-circuited line, there was shown also 
the process of draining this charge from the line by switch- 
ing off the generator and allowing the line to discharge 
through a noninductive resistance equal numerically to 
the surge impedance of the line. 


Direct-Voltage Waves 
on Line With Resistance Load 


Three cases of resistance load were treated in order to 
bring out the different types of partial reflection. These 
were for values of load resistance greater than, equal to, 
and less than the surge impedance of the line. The 
solid figures of voltage-time-distance variation are shown 
in figures 5,6, and 7. Distributions of voltage are shown 
in figures 8 and 9. It may be observed in figure 8 that 
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partial reflections without a change of sign occur at a 
resistor termination whose resistance is greater than the 
surge impedance. No reflection occurs when the termi- 
nation has a noninductive resistance equal to the surge 
impedance. Partial reflections with change of sign are 
shown in figure 9, which is for the line with termination 
having noninductive resistance less than the surge im- 
pedance. 


Direct-Voltage Waves 
on Line With Inductive Load 


The case of voltage waves striking an inductive termi- 
nation was treated. The three-dimensional plot, made by 
packing together 33 oscillograms pasted on plywood and 
cut out along the curves, is pictured in figure 10. Plots 
of voltage distribution are shown in figure 11. 

It may be observed that when the voltage wave first 
strikes the inductive load, there is an approximately com- 
plete reflection without a change of sign, just as is the 
case when the wave strikes an open end. The reason for 
this is that the flow of current along the line accompanying 
this voltage wave is temporarily halted by the inductance. 
In order for the current to flow on without delay into the 
inductance, an infinite rate of change of current there 
would be required, if there were no distributed capacitance 
in the inductor itself. The rate of change of current 
build-up can occur only at a rate such that the back emf 
produced by the inductance will equal the voltage im- 
pressed on the inductance. This initial stoppage of the 
current causes the charge to build up just as in the open- 
line case, but soon the current begins to flow in appreciable 


Figure 8 (extreme left). Direct-voltage 
waves on line loaded with resistance 
greater than surge impedance 


Figure 9 (left). Direct-voltage waves 
on line loaded with resistance less than 
surge impedance 


Figure 10 (below). Direct-voltage 
switching transient on line with in- 
ductive load 
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Figure 11 (left). 


Figure 13 (right). 


quantity through the inductance, draining some of the 
charge off the line and reducing the voltage. The size of 
the inductance used as a load in these tests was approxi- 
mately the same as that of the entire 250 miles of line— 
about one henry. 

When the original wave has reflected from the load, and 
the reflection returned to the sending end, its sign becomes 
reversed, and when it travels down toward the load end 
again, its sign is negative. This negative wave reaches 
the load and undergoes a negative reflection, at a time 
when the voltage at and near the load has been greatly re- 
duced by the continuously increasing current which is 
being drained away by the inductive load. As a result, 
the net voltage at the load and near it goes below zero 
and takes on a very considerable negative value. 
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Figure 12 (above). 
switching transient on line with capac- 
itive load 


Direct-voltage waves 
on line with inductive load 


Direct-voltage waves 
on line with capacitive load 
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Direct-voltage 


Direct-Voltage Waves 
on Line With Capacitive Load 


Another case treated was that of direct-voltage waves 
on a line with a termination of capacitance. The solid 
figure of voltage-time-distance variation for this case is 
shown in figure 12; and plots of distribution at different 
instants of time in figure 13. It will be observed that the 
initial reflection is similar to that on a short-circuited line, 
since the load end is maintained at zero voltage until a 
finite and sufficient time has elapsed to allow a finite 
quantity of charge to accumulate in the condenser. The 
action as this charge accumulates can be traced by the 
rise of the voltage behind the wave front of the first re- 
flection as it makes its way back toward the sending end. 


Alternating-Voltage Waves 


No motion pictures have been made as yet of the alter- 
nating-voltage waves. It was felt that the comparative 
simplicity of the d-c phenomena made the d-c case more 
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valuable for illustrating fundamental phenomena. An- 
other reason for the choice was the fact that for most 
power lines the wave phenomena take place and are com- 
pleted so rapidly that there is usually very little change in 
the instantaneous value of impressed voltage during the 
interval. 

However, oscillograms were taken for a number of a-c 
cases, and three-dimensional figures built up as before. 


Figure 14. Alter- 
nating - voltage 
switching transient 

on open line 


In figure 14 is shown the voltage-time-distance relation on 
a 250-mile open line when a 60-cycle-per-second voltage 
is suddenly impressed at the peak of its wave. 

In figure 15 is shown another solid plot for the a-c case, 
which differs from that of figure 14 only in that the line 
was loaded with a resistance equal to approximately twice 
the surge impedance of the line, instead of being open. 


Possibility of Further Work 


It is questionable just how far treatment of different 
types of wave should be carried, owing to the very con- 
siderable amount of expense, time, and effort involved. 
It is felt, however, that the effort expended on the films 
so far produced has been well invested. 

Additional oscillographic data have been taken of waves 
on a large lead-covered telephone cable which was gen- 
erously lent for the purpose by Bell Telephone Labora- 
tories, Inc. Tests were made without loading and with 
loading coils at the usual intervals, for direct current and 
for 1,000-cycles-per-second alternating current impressed. 
These data are in form sufficiently complete to form the 
basis for a number of traveling-wave films showing tele- 
phone-transmission phenomena, if they should be under- 
taken in the future. 

If these films were to be made for the a-c case it appears 
that the best method of procedure in the preparation of 
the master distribution diagrams would be to work from 
the d-c distributions by applying the superposition for- 
mula,‘ using a mechanical method of integration. By 
doing this, various frequencies may be treated, as may the 
impressing of the voltage at different parts of the cycle, 
and even complex waves representing speech. Voltages 
of two widely separated frequencies, superposed and 
traveling along the line, would illustrate effects of ampli- 
tude and phase distortion. 

It would undoubtedly be most interesting to see films 
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Figure 15. Alter- 
nating - voltage 
switching tran- 
sient on line 
loaded with resist- 
ance greater than 
surge impedance 


of waves produced by lightning on power lines, showing 
the effect of corona and of lightning arrester operation. 
Perhaps at some future time they may be made. 

Grateful acknowledgment is made to Messrs. Frank 
H. Conant, Philip H. Ramsdell, and B. E. Battit for their 
parts in the work. 


Appendix—Computed Voltage Wave 


It was desired for comparative purposes to show a voltage wave 
computed on the basis of assumed constant line parameters, as 
already stated. The literature was searched for the best and most 
practicable formulas to use in the computation. 

J. R. Carson‘ gives an integral formula for the voltage as a func- 
tion of x and #, on a line with uniformly distributed and constant re- 
sistance R, inductance L, and capacitance C (leakage zero) per unit 
length, as follows: 


e(x,t) = O for wt < x. 


For vt = x, 


T .-T1 is T.2 — A) 
e(x,t) = Ee~4 + EA i (V Te - at) d 
A JT? — 42 


where 


qT, 


A 


ll 
vo | Be 
fm 


1 
v = —>— = velocity of propagation 
/ LC 


E = size of suddenly impressed d-c voltage 


V. Bush® gives the following solution, following Heavisides: 


e(x,t) = Ee—Pt E + (= + >) (: _ =) + 
2u v 
x2o4 xo%p p? x \3 
(ee i 2°y - =| (: zz =) Tee | 


noting that it is useful for computation only when (t — x/v) is small. 
In the above, the new symbols have the following definitions: 


ae 
E20, 80 
hp 
 olm | Sie 


It may be noted that when the leakage G is equal to zero, p = o = 
IRI PL, 
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whe. x : K - 

imple formula is available for the computation of the 
a n a nonleaky line, and in view of the simplicity of the 
tio’ n which exists between current and voltage, it was decided to 
to determine the voltage by performing the necessary opera- 
the known current solution. 

e from Heaviside and may later writers the current-wave 
ila for the nonleaky line, as follows, for x = vt: 


2L_ ER ne 
1 8 - =| (1) 


Tn equation 1 J) designates the Bessel function of the first kind and 


zero order, for pure imaginary argument. Let the abbreviation Z 
be introduced, equal to 


R a ek 
z-2y: a (vt — x)(vt + x) (2) 


v 2Lv 


so that (1) simplifies to 


i=E yé anaes | (3) 


One of the fundamental differential equations upon which trans- 
mission-line wave solutions are based is, for zero leakage, 


de _ 1h ; 
ot C Ox (4) 


The value of z given in equation 3 will be substituted into equa- 
tion 4, and then solution for e will be made. Throughout the follow- 
ing, it is assumed that 0 < x < vt. It is known of course that for 
x > vt the voltagee = 0. It is assumed that we are dealing with an 
infinite line, although of course this solution is applicable to finite 
lines by proper handling of the reflections. 


oZ R2x 

Ses 5 
ax 41 °y2Z (5) 

oZ R*t 

od | 4LZ (6) 


From (3), (4), and (5), 
_R 
2L O1,(Z) R2x 
— = Eve a 
ot OZ 41 2%y2Z 


(7) 


We have the following recurrence formula’ for Bessel functions: 


n(Z) _ nIn(Z) 
“See ae med + Ins1(Z) 
nI,(Z) 
— 1A’ = a (8) 


From the resemblance which equation 7 bears to 07/0t it can be 
seen that by adding and subtracting the quantities in the brackets 
below, a portion of the expression can be made a perfect differential 
with respect to ¢. 


Rt 4 Rt 
de ~ 2L 01(Z) Rx | 2L OI Z) RXvt — x) 
pe = , OlhZ) KXvt = *) _ 
dt r oZ 4L%Z az) ALZ 
Rt eee Rt Rt 
ar = =e ia 
_ 2 a1Z) Rye Seda ee 142) | 
OZ) 26 Yu+x 21 
Rt a Hie! 
= “ in @4 
oe Com alis ee 
Rt eee ase _R 
Teisol(Z) RK \" Le R 2 
E IZ) (9) 
Be React OL ; 
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By the recurrence formula, equation 8, it is seen that O1o(Z)/O0Z in 
the second term of equation 9 may be replaced by J\(Z). We have 
further the general relation that 


fuvau =uvw— fuwde— fowdu 


which it is convenient to apply to this same second term, with 


y= ez) 


(10) 


az or [,(Z) 
y= 
v= 
vt +x 
_ 
R 2L 
dw = — — 
w on dt 


} ‘ Oe, 
The entire expression for Bt is then integrated with respect to t, giv- 


ing: 
_ Ri _ Rt 
oe aa 
SEA be AL Dob Be oe oD) \" x + 
vt + x 
_Rt ae Eg ae! 
26 0li(Z) R%* jut —x ~ 2 vx 
Bf yates Guo + pad ate 
{ r az pan Eg. eae) Gebare 
ae _ Rt 
cee aay ie 
vu— x ee (2) OD) 


Using the recurrence formula (8) again and substituting for 01,(Z)/ 
oZ and J)(Z) there results, for the integral term: 


_~ 
2L Rt Vie 
ee af {- I(Z — 
A eh rigt Vintec 
_ _& 
2L Rt vi — % 2L Ux vt + x 
E(Z) == _ I,(Z) ————-4,——_ 
al ) : i Ne 


Substituting in (12) the value of Z from (2), and simplifying, there 
results: 


Rt 
fi eres | es 
CS eee te = i(Z) @to?@ox * 


Ux 2u 


(ot + x)*/? (vt — x) 7? % (vt + x)'7? (vt — «)'/2 | = 


yon R Rot 
. 442) E a 2L(vt + 5 | ha (13) 


The first two terms of the first bracket in (13) have a common de- 
nominator, and together they equal half the negative value of the 
third term. These terms come from the term in equation 11 con- 
taining 0J,(Z)/0Z and the succeeding term. If the signs of these 
terms in (11) are reversed, the result is a doubling of the two terms 
referred to in (13), which will cause the entire first bracketed expres- 
sion to become zero. In order to compensate for this change in 
sign, we must add 


Ee I(Z) apie 


to the integral portion of e, as may be seen by inspection of (10) and 
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(11). We then have: 
Rt X Rt 
~ 2 2L vt — x 
e=f(x)+He WZ) +2Be — 1(Z) Wo ae 
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R 2 2ut 
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OT; ve+x 


Now we may take the integral term at the end of equation 14 and 
operate upon it in a manner similar to that used in integrating and 
reducing the last two terms of equation 9. There results: 


Rt ae RL 
~ 2L fot — x R 2L jut — x 
— Vb) eth he 
(3 ==) 12) + 3 \" srg )t 
Rt _R ; 
7 2L/ vt — x R 2Lf ut — x\*/2 
—_— —_— ls eZ, 
(S=*) BG ref Hae (5) (Z) + 


R  2Lfvt — x 
on (: a 4 IZ) he (15) 


It is seen that each integration results in another integral of the same 
character but of order one higher, and a by-product of an additional 
term outside the integral. The evaluation of the integral may be 
generalized for the mth term as follows: 


Rt 
vt —x\"/2R ~ 2L vt — x\'/2 | a 
ef (2 + ‘) oT | Sie) ( + =) gat) ee 


ee Rt n+1 n+1 
2Lf{vt — x\ 2 vt — x \ 2 
Ta, af x 
oe (: m 3) nni(Z) + ( ie 3) 


Rt 
ike BL vt — x\'/2 
= +2 Ina 
aT | If, ale + *) ete @ fa (16) 


The relation expressed in (16) was obtained by induction, but a 
direct proof of it may be had by differentiating it with respect to ¢. 
The voltage wave may be expressed: 


_ Rt 


aL 
e(x,t) = f(x) + Ee IZ) + 


Rt CJ 
iz aL as n/2 
2Fe > tee (: ‘) (17) 
n=1 


ve+x 


If the line is initially uncharged, f(x) is equal to zero. There is a 
discontinuity at x = vt, and equation 17 indicates a wave front (which 
exists where this condition holds) of magnitude 


The magnitude of the current wave front, found by substituting 
x = vt in equation 3, is 


The wave front is advancing at a velocity v = 1/V/ LC, and it is seen 
that this flow of current is just sufficient to charge up the line at 
this rate and to the magnitude indicated as being required by the 
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expression for the voltage wave front. The voltage solution is there- 

fore compatible with the current solution at the point of discon- 

tinuity. ’ 
For x > vt, the voltage is everywhere zero, since no charge has yet 

been brought to that part of the line by the oncoming current wave. 
Let the new symbol s be introduced, defined as: 


ve — x 
WEN co 
wu+x 


Then the expression for the original voltage wave, due to a direct 
voltage E suddenly impressed on a transmission line with constants 
He Ib, evatel (OL se 


(18) 


e= Ee *™ {I(Z) + 2sh(Z) + 2s%(Z) + 2s%(Z) + ... )}(19) 
where 

IL(Z) = ee 1 See + = Na ee + (20) 
eS ayn 21"(n +1) 242\(n +1)(n+2) 


In a similar manner, the more complicated case of the line with all 
four constants R, L, C, and G may be worked out in terms of Bessel 
functions. The result is: 

e = Ee~"{I(Z) + 2rsI\(Z) + (4r? — 2)s*2(Z) + 

(873 — 6r)s3I3(Z) + (16r4 — 1672 + 2)s474(Z) + 

(32r5 — 40r3 + 10r)s5J,(Z) + (6476 — 96r4 + 36r? — 2)s8J6(Z) + 
(12877 — 22475 + 11273 —14r)sI7(Z) + 

(256r8 — 512r6 + 320r4 — 64r? + 2)s8I(Z) + ....} (21) 


In the above. the symbols have all already been defined except r, 


which is defined as = and Z is made equal to 
oe 


Equation 19 is the one which was used in the computation of the 
voltage distributions for the motion picture. 

A table of Bessel functions of orders from 0 to 11, and covering 
the range of argument required, is available in the Report of the 
British Association for 1896. 

In the artificial line used, which was made up of 32 sections of the 
single-phase line described in Dellenbaugh’s paper,? the constants 
were: 


——s 


Per Section 32 Sections 


Resistanée:s <n. sae merce 7.30 ORMS. onesie ee ee 252.8 ohms 
Inductance’... 5 -.- 21 oe ss d0a26; henry ee eee EOS nennies 
Capacitance.................0.0565 microfarad..........1.808 microfarads 
Equivalent length. ....,.<... «. 7.87 miles. <0. sem see eek 251.84 miles 


The computation for voltage distribution was carried out for a 
range of x and vt between 0 and 12 times the length of the line (0 and 
384 sections), at intervals of one quarter of the length or eight sec- 
tions. A few of the early results are given in table I, which is repro- 
duced only in small part on account of the large size of the complete 
table. 

For the open-line case, the reflection from the end is complete and 
without change of sign. To illustrate the numerical computation, 
let vt = 40 sections, or one and one-fourth times the length of line. 
Then the section of the wave indicated in table I as lying between 
«x = 382 and x« = 40 has actually turned around and gone back from 
32 to 24. The wave front is at section 24 and moving toward the ~- 


generator. The distribution is 

x(section) = 0 8 16 24 32 

e/E = 1.000 0.962 0.925 0.887 1.700 
1.699 


The first three figures and the upper figure under section 24 are 
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: Table I. Values of Computed Voltage e(x,t) per Volt Impressed 


x 
ul (Sections) 0 8 16 24 32 40 48 
(Sections) 

OQ eae tae aise sci 1.000. .0 Sekt Acts) erat) car ce) 

te biae ce Sa Sian eine 1.000..0.959 ..0 Ale) att) nico an 
UGivmrctcetesut oars care 1.000. .0.960 ..0.920..0 cheat] nO = fi] 

24 Fayence. Ut 1.000. .0.9605..0.921..0.883..0 a0) ad!) 
aS sites cee n stairs 1.000. .0.9613..0.923..0.885..0.847..0 aki) 
AOE. hee sedhone 1,000..0.962 ..0.925..0.887..0.850..0.812..0 

Bac haw mreieielomieiean 1.000. .0.963 . 0.926. .0.889..0.852..0.816..0.779 


taken directly from table I. The other entry under section 24 is 
the sum of the table I entries for sections 24 and 40, The entry 
under section 32 is twice the corresponding entry in table I. The 
two entries under section 24 represent the values of the wave at the 
top and bottom of the wave front there. 
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Discussion 


John Riordan (nonmember; Bell Telephone Laboratories, Inc., 
New York, N. Y.): I wish to present a verification of the expansion 
given as equation 21 in the appendix to Mr. Woodruff’s paper; this 
is the general result of the development in the appendix. I should 
explain at once that the process I use is not a substitute for Mr. 
Woodruff’s original method; given the form of the expansion by 
Mr. Woodruff, it will determine the coefficients and verify the form, 
but it requires either this advance information or an act of inspira- 
tion to be complete. However, I am able by its means to give a 
generating function, a literal formula, and a recurrence formula for 
the coefficients of the general expansion, equation 21, thus completing 
Mr. Woodruff’s work. The coefficients turn out to be simply re- 
lated to the Tchebycheff polynomials. 

Using the notation of the paper with a slight modification, the 
expansion to be verified is as follows: 


Cr(r)s"In( oz) exp (—pt) 
n=0 
where 
C,(r) = function of r and which is the coefficient of the nth term in 
equation 21. 
ta—"p/ 6. 
z= [f@ — x2/v2]'/? 

Using the Campbell and Foster table of Fourier integrals (Bell 
Telephone System Technical Publications, Monograph B-584), by 
pair 870.5: 

M[s"I,(oz) exp (—pt)] = 
—x 
(20)” exp | Ve 6) = “| 
Uv 


Vip tei eiVpt+et+o+ Ve +e — ol” 
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where the script SM is to be read ‘‘mate of” or “Fourier transform of.” 
Hence the original expansion may be written 


exp | Sverre] A 
ye Cr r)u” 


n=() 


MWe) = F 


V(b + p)® =x? 


where 


“=> 


20 o ‘ 
P+ ep +V(p + 9)? = oF 


But the mate of e is known otherwise (Campbell and Foster, l.c. 
table II, case 8) as: 


We) = 5 oD | Vp + p)* — i] 


[Veto+to+Vptp—o} 


Hence C,(r) is determined, assuming the form of the expansion is 
correct, by: 


ao 


dS Cnlru® = Ve + 0)? = of 

n=0 p 

If the right-hand side may be expressed as a function of u and r 
the expansion is correct and the expression so obtained is the generat- 
ing function of C,(r). Writing W = V(b + p)? — o?, for con- 
venience, this may be done as follows: 


Wee W) 


pb b+ W) 
_ Pb + W) + 2p + p? — o? 
Pip + W) 
Bey eaew oe! Se heces) 

b+W bp + W)? 
2p p? — o* W p* — a? 
= 4 Bes SE 
p+W TW) p+ 


Hence, noting that p + W = —p + a/u: 


We a5) (oe 2ru (1 — r?)u? 
m1 Ge) a (1 — ru)? 
or 

WwW ee 


bp ag = ie 


which is the required generating function expression. 

But the Tchebycheff polynomials T,,(r) (Courant and Hilbert, 
Methoden der Math. Physik, Springer, Berlin, 1931, pages 75 and 
76) defined by 


Trlr) = 


yr cos [n cos™!r] 


have the generating identity: 


= D5 Tair) (2%)” 


n=0 


1 =x? 
1 — 2rx + x? 
Hence 
CAG 2 Lyn) = 2 cos [cose 7) 


and for n = 2: 


1 
Tra (1) = MAGA) = Fy 


Cus (1) = 2rC,(r) — Cr-1 (1) 


n-1 (x) 


the last of which is the recurrence relation for the coefficients. For 
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convenience of comparison with Mr. Woodruff’s result, the first few 
coefficients are as follows: 


Co(r) =1 
Ci(r) 2r 
Cx(r) = 4r? — 2 
Cx(7) = 8r3 — 6r 


The first three follow from the literal formula, the last from the re- 
currence formula; they may also be obtained by simple long divi- 
sion development of the generating function. 

In the special case G = 0, that isp = o andr = 
efficient is 


Cllr at 
(G0) 3 Pi 2s 0) 


1, the nth co- 


which verifies equation 19. This result follows immediately either 
from the generating function or the formula for C,,(7). 

I am indebted to my colleague S. O. Rice for pointing out the 
connection of the coefficients with the Tchebycheff polynomials. 


L. V. Bewley (General Electric Company, Pittsfield, Mass.): Pro- 
fessor Woodruff has shown two very interesting and instructive 
methods of teaching transmission line transients by means of motion 
pictures and voltage-distance-time models. These should prove of 
great value to schools in which traveling wave phenomena is taught; 
because it gives the student a perfect visual picture of what is going 
on during the travel and reflection of a wave. 

Along about 1929 we calculated the wave shapes for lightning 
surges and worked out the reflections for a number of terminal condi- 
tions, (‘Traveling Waves Due to Lightning,” AJEE TRANSACTIONS, 
volume 48, 1929). At that time F. W. Peek, Jr., was directing the 
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Figure 1 


lightning research at Pittsfield and he asked J. T. Lusignan, Jr., to 
supervise the making of an animated motion picture based on the 
calculated wave shapes. This film (General Electric A X-353-B) was 
shown by Mr. Peek before many different AIEE Sections throughout 
the country. It depicts the formation of a charged cloud; the light- 
ning stroke; the formation and development of the traveling 
waves; the attenuation due to corona; reflections from open and 
grounded terminals and from a resistor equal to the surge impedance 
of the line, also from transformer terminals and series inductances 
with and without shunt resistors; and finally the internal transient 
oscillations taking place inside a transformer winding and their 
elimination by means of shields. 

Several years ago D. C. Morgan at Pittsfield conceived the idea of 
illustrating the internal transient of a transformer by a topographical 
voltage-distance-time model, just as Professor Woodruff has now 
done for transmission lines. Figure 1 is a photograph of Morgan’s 
plaster-cast model. 
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| of AIEE Techical Papers Published 


Before Discussions Were Available 


af 
©) THIS and the following 21 pages appear discus- 
sions submitted for publication, and approved by the 
technical committees, on previously published papers pre- 
sented at the AIEE winter convention, New York, N. Ve 
January 24-28, 1938. Authors’ closures, where they have 
been submitted, will be found at the end of the dis- 
cussion on their respective papers. 


Alternator Short-Circuit Currents 


Under Unsymmetrical Terminal Conditions 


Discussion of a paper by A. R. Miller and W. S. Weil, Jr., published on 
pages 1268-76 of volume 56, 1937, AIEE TRANSACTIONS (Oc- 
tober 1937 issue of ELECTRICAL ENGINEERING) and presented for 
oral discussion at the electrical machinery session of the winter conven- 
tion, New York, N. Y., January 27, 1938. 


F. H. Pumphrey (Rutgers University, New Brunswick, N. J.): I 
have been very much interested in the effort of Professor Miller and 
Mr. Weil to digest the work which has been done in machine tran- 
sients and to present it in somewhat simpler form. The necessity 
of conforming with the Institute publication standards has prevented 
them from making a complete statement of assumptions. It thus 
becomes rather difficult to follow some of the steps and so the paper 
loses some of its advantage of completeness as well as simplicity. 

In this connection, I have been unable to interpret physically the 
very low frequency element of armature current given on page 1269 
I wonder if it might not be obtained equally accurately by a con- 
stant term with a different decrement? I should appreciate any 
help the authors could give on this interpretation. 

Another question has arisen with respect to the change of resist- 
ance and reactance of the field circuit of the machine used as an 
illustration, between the first and second papers. Could the authors 
state the basis of this change? 


D-C Machine 
Stray-Load-Loss Tests 


Discussion and author's closure of a paper by Victor Siegfried published 
on pages 1285-9 of volume 56, 1937, AIEE TRANSACTIONS 
(October 1937 issue of ELECTRICAL ENGINEERING) and presented 
for oral discussion at the electrical machinery session of the winter con- 
vention, New York, N. Y., January 27, 1938. 


R. F. Franklin and T. M. Linville (General Electric Company, 
Schenectady, N. Y.): Stray-load losses of d-c machines are of 
particular interest to designers because by their reduction in value 
increased efficiency and decreased heating are obtained. Every 
“effort, therefore, should be made to measure this loss as accurately as 
possible and to determine its manner of variation. 

Designers have recognized the existence of stray-load loss for a 
number of years and many attempts have been made to evaluate its 
magnitude both by test and calculation. Unfortunately the nature 
of stray-load loss is such as to preclude its direct measurement. The 
usual method of measurement is to measure the total losses under 
load and from this measurement subtract all of the known losses 
which can be measured or calculated either directly or indirectly. 
This difference is called the stray-load loss. But some of the known 
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losses cannot always be determined very accurately and vary in 
value from time to time. The errors thus introduced together with 
the inherent inaccuracies of testing methods, have lead to consider- 
able difficulty in determining the stray-load loss. 

Because of these difficulties, the AIEE Standards have devised a 
conventional segregated-loss method of evaluating these losses in 
which arbitrary methods of determining stray-load loss, brush-fric- 
tion loss, brush-contact loss, and J?R losses are given. These 
methods of determining these losses are, of course, to some degree in 
error, and attention was given to the possible error at the time the 
methods were devised. It is possible that with present better 
knowledge of these losses or possibly by some further investigation 
other methods could be devised that would give a more accurate 
determination of these losses in the majority of cases. It should be 
borne in mind, however, that the present method serves as a very 
practical and convenient method of determining individual losses 
which makes possible the approximate calculation of total losses 
without excessive cost to the trade. 

On the other hand, it is also very desirable to have a more accurate 
method of determining these losses, even though the method may be 
more expensive and require more elaborate testing equipment. 
Such a method should prove of particular value to designers as the 
division of losses is of particular interest to them. It is probable 
that such a method would be too costly and impractical for general 
use. It would, however, afford a means of improving designs and 
furnishing data for a modification of the more convenient segregated- 
loss method which would make that method more accurate without 
increasing its cost and practicability. The booster-pump-back 
method described in these papers seems the most practical method 
yet devised. Its use is greatly handicapped by the requirement of 
duplicate units as it would be difficult to have machines calibrated 
for load loss available at all times. Nevertheless, an intensive study 
of this method in order to simplify the test procedure, find methods 
of increasing the accuracies of meter readings and reduce their 
number to a minimum and a determination of its limitations might 
be profitable. There are also certain inaccuracies in the determina- 
tion of the various losses when using this method that should receive 
further study. 

One of the most difficult losses to measure accurately is that of the 
brush losses. It is well established that the brush friction loss is 
sometimes reduced 50 per cent or more between no load and full load. 
Yet the brush friction loss is measured at no load and assumed to be 
the same under load. Because of this assumption the stray-load 
loss may actually measure negative at light values of load. It 
should, therefore, be recognized that under the present method of 
testing for stray-load loss that it contains a component of brush- 
friction even though this component may have a negative value. 

Another loss that is difficult to measure is that of the brush-drop 
loss. Because of the uneven current distribution in the brush and 
the uncertainties of voltage measurements made on a moving com- 
mutator the actual brush-drop loss may be quite different from the 
loss measured. The difference between the two should be recog- 
nized as a component of stray-load loss. 

A third uncertain loss measurement is that of the armature copper 
I?R loss. This loss cannot be directly measured and so must be 
determined indirectly as accurately as possible. Since the magni- 
tude of this loss is greatly influenced by the temperature of the arma- 
ture winding, one of the problems is to accurately measure this 
temperature or else maintain it at the time the loss is measured. 
Either of these is difficult to accomplish and the inaccuracies intro- 
duced by the determination of this loss should also be recognized as 
a component of the stray-load loss. 

The above discussion leads to the important conclusion that the 
stray-load loss cannot be measured without at the same time specify- 
ing how the other losses are to be determined. In those cases where 
the other losses cannot be accurately measured under the exact 
conditions of load at a given time, provision must be made to either 
measure them in a definite manner at no load under arbitrary condi- 
tions or to specify a definite manner for their calculation. In either 
case it should be recognized that any inaccuracies in the determina- 
tion of any of the other losses will have an influence on the magni- 
tude of the stray-load loss. 
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In analyzing the data given in the papers attention should be 
called to the distinction between the per cent stray-load-loss values 
given as compared to the one per cent stray-load loss specified in the 
AIEE Standards. The one per cent value is established in conjunc- 
tion with the calculation of brush friction as a function of commu- 
tator speed, allowance of a definite value of volts brush drop and 
calculation of the armature J?R loss at 75 degrees centigrade. The 
stray-load loss determined in the papers was not obtained in this 
manner. It is incorrect, therefore, to use the stray-load loss as 
measured in the papers as a basis for judging the conventional al- 
lowance of one per cent. 

Commercially, only total losses are important and there should 
be little argument against the method of measuring the total losses 
described in the papers. Both papers recommend a booster for 
circulating current between the machines being tested. Unfortu- 
nately, the booster must carry the full current of the machines at a 
comparatively low voltage. Such a machine is not likely to be 
always available. It would be less expensive and more practical to 
adopt the conventional pump-back test as a sufficiently accurate 
determination of the total losses. This may be done entirely apart 
from a consideration of stray-load losses. 

In conclusion, it appears that further study should be given to the 
measurement and calculation of the known as well as the stray-load 
losses. A better knowledge of these losses will not only be helpful 
to the designer in obtaining improved machines but will be helpful 
in increasing the accuracy of determining the total losses by the 
convenient segregated-loss method. The present papers show there 
is interest in the problem and have contributed valuable test data 
and presented improved methods of test. It is hoped further interest 
can be aroused in this subject so as to stimulate further investigation 
and progress. 


E. W. Schilling (Michigan College of Mining and Technology, 
Houghton) and R. J. W. Koopman (University of Kansas, Law- 
rence): It is gratifying to know that at least one other party has 
answered the Institute’s request that research work be started and 
papers presented on stray-load losses in d-c machines. Professor 
Siegfried has made tests using the so-called Kapp method and also 
using the Hutchinson test in which the two machines to be tested are 
direct connected and arranged in a pump-back connection using a 
booster to circulate the current. This last test is very similar to one 
of those used by us. 

Referring to Professor Siegfried’s figure 2, page 1286, ELECTRICAL 
ENGINEERING for October 1937 [AIEE Transactions, volume 56] 
it is interesting to make a comparison of his method and our method 
of allocating the losses to the individual machines. Since we plot 
loss in watts as ordinates against average armature current as ab- 
scissae for the two machines, it is necessary to replot his curve A as 
shown in figure 1. Since his data plotted on logarithmic paper pro- 
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duces a straight line as shown in figure 2, the curve can be expressed 
by an equation of the form L,; =kI,”. The exponent is found to be 
1.255. Now consider a point on his curve at 160 amperes. The 
distribution of current between the two machines is not given but for 
our purpose here we will consider J, = 75 amperes and I, = 85 


amperes. The loss for one machine, at 75 amperes for example, 
will be 

oe 751-255 
L,=Ls 1,41," = 500 GBi.265 4 7B1.ms = 242 wattsat 75 amperes 


An interesting portion of Professor Siegfried’s paper is the applica- 
tion of paraffin to the commutator to reduce friction loss. We can 
readily agree that some such procedure would be desirable, provided 
that the contact drop would be unaffected. However, it is hard to 
believe that such would be the case. Test data taken on slip rings 
with and without paraffin should be made to determine whether or 
not this very valuable aid to the technique of making stray-load loss 
tests may be safely used under all conditions. 

In our tests brush drop was not taken at standstill. Contact drop 
measured at standstill will not under all conditions be the same as 
when the machine is running. The difference may be so small that 
it can safely be neglected. Contact drop curves taken at standstill 
and at various speeds should be valuable in determining whether this 
simplification in the test procedure can be used without too great 
loss of accuracy. 

In the last paragraph of ‘‘Test of Machines,” page 1288 of Pro- 
fessor Siegfried’s paper, it appears that the no-load loss was measured 
when the two machines were running as motors taking the same 
armature current. The booster was then included in the circuit and 
the load current increased. A final reading was then taken of the no- 
load loss. The exact procedure followed here is not perfectly clear. 
According to the test code, paragraph, 2.112, the core loss shall be 
taken “when excited to produce a voltage at the terminals corre- 
sponding to the calculated internal voltage.’”” We presume that this 
was the purpose of the second reading. However, if such was the 
case, what was the purpose of the first reading? 


Edward Hughes (Technical College, Brighton, England): The re- 
sults discussed in this paper are very useful in showing the close agree- 
ment between the Kapp and the Hutchinson methods. Their 
value, however, would have been greatly enhanced if the author had 
analyzed the reliable data collected from the various tests in a 
manner that would indicate the fundamental relationships between 
the stray loss and the factors which affect its magnitude. Ina paper 
published in the Journal of the Institution of Electrical Engineers, 
volume 63, 1924, pages 35-50, I investigated the effect of flux dis- 
tortion on iron loss by measuring the iron loss in an armature with its 
winding on open circuit, the flux being distorted by passing current 
through a compensating winding. Figure 3 shows the results ob- 
tained at 2,000 rpm. Similar curves were obtained for speeds 
varying between 200 and 2,400 rpm. It was found that over this 


average armature range of speed and for cross ampere-turns varying between zero and 
ei eM 20, oedd ; 5 0 current for the two those corresponding to full-load and for field excitation ranging from 
machines zero to about 50 per cent above the normal excitation, the total iron 
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loss could be represented very closely by the following simple ex- 
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q where 
; k = aconstant derived for undistorted flux 
f = frequency in cycles per second 


V, = total volume of teeth 

B, = mean flux density in tooth under strengthened pole tip 

B, = ditto under pole tip at which the flux is reversed (if flux is not 

reversed, this term is omitted) 

V, = volume of armature core carrying flux 

+ 26, 

: A 
= resultant flux per pole 

= cross flux (if any) re-entering pole shoe 

= sectional area per pole of magnetic circuit through armature 
core 
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The iron loss in armature teeth due to the flux of the commutating 
pole can be calculated from a similar formula. 

The above expression has since been confirmed by R. G. Isaacs 
(J.1.E.E., volume 69, page 1303). It is seen from the above expres- 
sion that the stray iron loss is an integral part of the total iron loss. 
Consequently, if the stray loss is expressed as a separate quantity, 
it is impossible to relate it satisfactorily to the factors upon which it 
is dependent. 

It is hardly necessary to emphasize that it is just as important to 
be able to predetermine the stray iron loss as it is to measure this 
loss after the machine has been constructed; and I would express the 
wish that the author should again analyze his results either to con- 
firm the above expression or to suggest another that may fit in more 
satisfactorily with his own data. 


T. H. Morgan (Worcester Polytechnic Institute, Worcester, Mass.): 
These papers are important and valuable in that they show that 
stray-load loss in d-c machines can be measured to a high degree of 
accuracy. The authors of both papers are to be complimented on 
their splendid painstaking work. Old and well-established methods 
are here applied to determine a loss which only recently has become 
recognized as one which cannot be ignored. 

The results described in these papers indicate that we are well on 
our way in the matter of being able to definitely specify a simple 
straightforward method of determining stray-load loss in d-c ma- 
chines. The load-back method is desirable because it gives a meas- 
urement of the loss with the machines under actual operating 
conditions. I am of the opinion that using boosters or other ma- 
chines to supply certain losses separately and thus keep both ma- 
chines under test in exactly similar conditions of load and field cur- 
rent is not necessary. 

It is most desirable that a code method be as simple as possible 
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without sacrificing the required degree of accuracy. It seems to me 
that these papers indicate that a test might be used in which one 
single voltage is applied to the machines operating in parallel on the 
same shaft with load conditions controlled by adjustment of the field 
currents. With this condition existing we would have the machines 
operating with slightly different armature currents and also with 
different field currents. The apportioning to each machine of the 
correct amount of its loss due to different armature currents can be 
conveniently and accurately taken care of by the method devised by 
Paul M. Narbutovskih for similar use in induction machines, If the 
law of variation of the stray-load loss as a function of saturation 
were sufficiently well established so that correct apportioning due to 
difference in field currents could be accomplished the problem would 
be solved and the whole matter of testing greatly simplified. The 
information given on this point in the papers would seem to indicate 
that for a given armature current the loss variation as a function of 
saturation might prove to be a very simple law throughout the 
range required for the test. Possibly the assumption of a straight 
line relationship would give the required degree of accuracy. Ap- 
plication of this law might be considerably simplified if one machine 
were over-excited to the same degree that the other was under- 
excited and the average excitation of the two similar machines used 
as the field current for this case. Further work along this line would 
be of great help in determining the accuracy of this proposal. 

Coming back to the question of the test code I have never been 
able to understand a philosophy that says we will set up a code 
which will specify methods of testing for all the losses in a machine 
so that we may determine an accurate value of each, and then goes 
on to arbitrarily allot one loss as a fixed percentage of the input. I 
do not think that such procedure can be justified as being logical, 
scientific, or even practical, for in a matter of this kind practicality 
requires a fair degree of accuracy and not simply arbitrary action. 
It would seem that the authors of these papers have helped very 
materially by showing that it is possible to specify a definite method 
for the accurate measurement of stray-load loss in d-c machines. 


L. E. Miller (Reliance Electric and Engineering Company, Cleve- 
land, Ohio): I feel that Mr. Siegfried is to be complimented on the 
clearness of his paper. In view of the clearness and conciseness with 
which he has condensed the facts which might very easily cover 
many times the space of his paper, it seems like any discussion on the 
subject might be construed as near carping. I would like, however, 
to make some comments. 

I believe that Mr. Siegfried has placed his finger upon the cause of 
considerable apparent inaccuracies which occur in many tests, when 
he attributed to the variability in the performance of the commu- 
tator. The very wide change in brush friction is very well brought 
out by Doctor S. W. Glass in his paper on ‘‘Measurement of Fric- 
tional Characteristics of Brushes,’’ which was published in the July 
1937 issue of Iron and Steel. Mr. Glass brings out in this article the 
possibility of a three-to-one change in brush friction for certain 
changes of temperature which are well within the range of a com- 
mutator temperature, and also a possibility of a variation as great as 
three-to-one occurring from sanding the commutator. He also 
brings out various rather wide ranges for various other phenomena 
which he classes as the effect of commutator poisons. In view of 
Doctor Glass’ paper, I am forced to wonder as to whether it is not 
possible for paraffin, as mentioned by Mr. Siegfried, to cause cer- 
tain inaccuracies which are not brought out into normal operation 
of the machine. 

Siegfried also brings out the necessity of measuring the complete 
terminal to terminal drop, rather than assuming a constant value of 
brush contact drop. Presumably he makes this measurement while 
the machine is stationary. This brings up the question as to 
whether the stationary drop approaches any more closely the actual 
drop occurring while the machine is operating than the assumed 
value given under AIEE specifications. There is no doubt in my 
mind that the assumed value is inaccurate, but I question as to 
whether the stationary drop is not just as inaccurate. 

Another point brought up in Mr. Siegfried’s paper is the suggestion 
of leaving out series winding, which may be on the machine during 
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these tests. Certainly the use of such a series winding does effect the 
field strength, and does vary as the load varies. On the other hand, 
I think it is quite possible to get inaccurate results when producing 
the same number of ampere turns in the shunt fields as the series 
field would produce under the conditions simulated. We have found 
in actual test that ampere turns from the shunt field do not produce 
the same resultant flux as ampere turns produced by the series field. 
The reason for this is no doubt due to the location of the shunt in 
series field on the pole and the differences in leakage resulting there- 
from. 

Mr. Siegfried very carefully points out the hysteresis effect that is 
noticeable and causes a different result when changing from a higher 
field current to a lower field current from that which is obtained 
when changing from a lower field current to a higher field current. 
I would like to add that on test floor we have also noticed what ap- 
pears to be a hysteresis effect from changing the armature current. 
This is particularly noticeable under weak field conditions, and is 
probably due to the distorting action of the armature on the main 
field. I would suggest that in making a test of this sort where ac- 
curacy is very essential, that the tester be warned always to change 
the armature current in the same direction just previous to making 
readings. 

Apparently from the results obtained by Mr. Siegfried the stray 
load loss is much greater at the high speed of an adjustable-speed 
motor where the high speed is obtained by weakening the field. 
From the curve shown it appears to be six or seven times as great 
as the full field low speed condition when operating at two and one- 
half times the low speed, and perhaps is ten to fifteen times as great 
on a four or five-to-one speed range operating at high speed. It is 
theoretically correct that we should get a much higher stray load loss 
at weak field and high speed than we should at full field and low 
speed. However, I would like to bring up for what it is worth, the 
fact that in making dynamometer tests, attempting to determine the 
difference in losses between those shown by the conventional method 
and the actual losses which are obtained in a machine, we have 
found that we could not establish any fixed rule for variation in the 
stray-load losses. The results were quite erratic, sometimes showing 
a greater stray-load loss at full field and low speed, sometimes 
showing a greater stray-load loss at the weakened field and highest 
speed, and sometimes showing a greater stray-load loss at some in- 
between value. These tests were made a year or more ago, and since 
the commutators were not treated in any way but were simply used 
in the condition existing at the time the tests were made, it is possible 
that the difference in commutator losses more than accounted for 
this erratic behavior. 

I note in Mr. Siegfried’s paper that he does not say anything re- 
garding the possibility of shaft current causing part of the stray-load 
loss. I would like to inquire as to whether, during his test, he found 
any evidence of shaft current existing. 

In closing, I would like to inquire as to whether Mr. Siegfried 
found any material difference in percentage of stray-load losses on 
larger machines than were present on smaller machines. In other 
words, is the present neglect of stray-load losses on smaller machines 
justified, or do the facts of the case show that this should be taken 
into account on smaller machines as well as on larger machines? 


R. E. Hellmund (Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): It is not at all surprising that close 
agreement on load losses has been obtained with the various methods 
discussed in the papers on this subject. Although the current and 
voltage conditions in the two machines on test differ to some extent 
with the simpler methods, the differences are not large enough to 
affect the results materially. It is nevertheless very gratifying to 
have the results of these careful investigations presented here, as any 
of the methods proposed can now be used with considerable confi- 
dence. 

I am firmly convinced that most of the previous unsatisfactory 
results were due to variations caused by brush friction and perhaps, 
to a less extent, to variations in contact resistance. Since brush 
friction decreases with load and temperature, it may well be that in 
some machines the difference between brush friction at no load and 
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at full load will be greater than the other load losses thus resulting 
in a negative value of load losses. A machine with a number of 
brushes, and having at the same time small armature distortion, well 
subdivided armature conductors, and good commutation, is likely to 
give such results. 

Professor Siegfried has eliminated the irregularities often caused 
by brush friction by using paraffin on the commutators. This of 
course, is entirely satisfactory when analyzing the load losses other 
than those caused by brush friction and contact resistance. It 
would be helpful, however, if he could continue his work and make 
tests with the commutator in normal condition, being careful to 
obtain stable operation and temperature conditions as applying to no 
load, and also similar tests under full load. Care would also have to 
be taken that other factors of influence, such as humidity, are kept 
reasonably constant. 

I was very much interested in the statement in the paper to the 
effect that current conduction between the brush and commutator 
through the paraffin film takes place because of carbon particles em- 
bedded in the film. Ina previous discussion at last winter’s conven- 
tion, I suggested the possibility of such embedded particles being a 
factor with the usual oxide film on the commutator even under nor- 
mal conditions. I am therefore wondering whether Professor Sieg- 
fried has any evidence supporting this theory, such as microscopic 
inspection for example. 


Victor Siegfried: The author is indeed gratified by the interest 
shown in this subject, as evidence by the amount and the character 
of the discussion. It is apparent that the matter of stray-load loss 
in d-c machines is by no means a closed issue, and that much remains 
to be learned concerning its variation with the factors upon which it 
depends. The author is fully aware that many of the points touched 
upon in this paper and in its companion by Professors Schilling and 
Koopman, and by the discussers, show the need for further investi- 
gation of particular factors affecting stray-load loss. It must be 
made clear, however, that the author is here concerned primarily 
with establishing methods for determining the loss, and only second- 
arily with investigating the nature of the loss, in so far as it affects the 
procedure of the tests. It is shown by these papers that the loss 
can be measured accurately by a convenient and simple method, and 
that it is no longer necessary or proper to adopt an arbitrary per- 
centage value to be assigned to it. 

In considering matters relating to stray-load loss, it is very im- 
portant that it be defined clearly. The definition given in the Test 
Code for D-C Machines 1s not sufficiently general, as it specifically 
mentions losses to be included, but does not allow for all factors 
which should be considered as a part of stray load loss. Stray-load 
loss is the difference between total losses as they occur under load 
conditions and the values of the individually known losses deter- 
mined separately from measurements made under no-load condi- 
tions. It is thus a residual loss which includes all variations of 
machine losses under load which cannot otherwise be accounted for 
by conventional methods. It is made up of numerecus component 
losses which change in differing degrees with load, in such a way as to 
preclude establishing any one general law for it. 

The author is in complete agreement with Professor Morgan and 
Messrs. Franklin and Linville that the load-back test (without boost- 
ers) is the most practical and simplest method to be used. Although 
the two machines do operate thereby at different field currents, a 
division of the loss can be made, if the excitation is assumed to be 
represented by the average of the two machines, with reasonably 
accurate results over the normal range of excitations necessary for 
this test. For apportioning the loss between machines carrying 
different armature currents, the graphical separation method, de- 
vised by Mr. Narbutovskih and alluded to by Professor Morgan 
(1. Morgan and Narbutoyskih, ELecrricaL ENGINEERING, volume 
53, 1934 pages 286-90) was used in this paper. As Professors 
Schilling and Koopman show, the results agree with their method, 
which involves the determination of the exponent of the function 
representing the total losses. It does not always follow that the 
exponent is constant over the entire range of currents in the ma- 
chines, so that this method suffers from the limitation that the ex- 
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‘ponent must be determined in the range for which the separation is 


mi . wed . 
desired. The difference in methods is principally that between 


graphical and analytical approaches, as both perform the same 


operations upon the function; the choice is thus largely one of per- 
sonal preference. 


Mr. Hellmund points out the possibility of a decrease in brush 
friction with increasing values of load, and also that negative values 
of stray load loss may thus be indicated in certain instances. Such 
results must be interpreted in the light of the general definition of 
the loss, and in no way be allowed to reflect on the validity of the test. 
It was with full appreciation of the extreme variability of brush 
performance that the expedient of paraffining the commutator was 
adopted in making these tests, and it must be admitted that the re- 
sults do not include any consideration of the possible decrease in this 
so-called constant no-load loss. Such procedure was permissible 
under the Test Code definition of stray load loss, which did not allow 
for any such variation. The comparison of methods as presented 


_ in the paper, and the general relations of stray load loss to operating 


factors, are in no way rendered less valid by this procedure, but are in 
some measure enhanced by the removal of the one factor which 
might otherwise mask the true picture of the more important com- 
ponents. The author’s mental concept of the mechanism of com- 
mutator-brush conduction apparently agrees with that of Mr. Hell- 
mund, although no effort has been made to substantiate it by micro- 
scopic examination of the paraffin film. The only evidence that can 
be offered is the blackening of the wax film either by carbon particles 
from the brushes or by carbonization of the paraffin itself. 

Messrs. Franklin and Linville have very capably pointed out the 
possible inaccuracies involved in making the separation of the total 
losses under load into known and stray-load losses whatever the 
method for determining them. Again the matter is one of definition, 
and final efficiencies should have correct values so long as the pro- 
cedure is consistent. They also state that it is well established that 
the brush-friction loss is sometimes reduced by half between no-load 
and full-load. While this is quite conceivable, it would be helpful to 
a fuller appreciation of the part played by brush friction in the total 
losses to have further investigation of this factor presented in pub- 
lished form. The available information on this point is quite 
limited, and it may be that what is considered as common knowledge 
among manufacturers is as yet unreported in a form to make it avail- 
able to independent investigators. The author here makes the plea 
that the manufacturers, whose designers are the ones to benefit most 
by the full discussion of this subject, themselves undertake and pub- 
lish the results of careful and open-minded investigations. The 
investigation of the known as well as the stray-load losses would 
certainly aid in bringing the whole consideration of d-c machine 
efficiencies up-to-date and in line with the growing importance of the 
d-c machine. 

The percentage values presented in the papers are not strictly in 
accordance with a general definition of stray load loss, in that they 
do not account for certain variations in “‘constant’’ losses which 
might work for the reduction of the total stray load loss. These 
“known” losses were subtracted from measured total losses exactly as 
they occurred at the time of the test. The values are at least con- 
sistent with the original Test Code definition, and form a valid basis 
for comparing machines within a certain size class. The author him- 
self would dislike to have these figures or any other figure so pre- 
sented used as an argument in favor of the one per cent rule. Any 
agreement of the measured stray load loss with this one per cent 
figure must be taken as accidental, as the only satisfactory means of 
arriving at stray load loss is to measure it. 

It has been proposed from time to time that a measurement of 
stray-load loss might be had by determining the increase in power 
needed to drive the rotor of a machine when it is short-circuited and 
sufficient excitation applied to circulate full-load current in the 
armature. Curve E of figure 3 of the paper shows the trend as the 
excitation is reduced, with a stray load loss 50 per cent greater at 28 
per cent excitation than at normal excitation. Subsequent tests of 
the same machine by this short-circuit method show a loss of 300 
watts, or practically double that for normal operating conditions. 
The conclusion is inescapable that this method has no place in the 
array of possible methods for determining stray-load loss. 
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This discussion does bring out the need for a more complete treat- 
ment of stray-load loss in the Proposed Test Code, so as to make the 
definitions general and correct, and also to specify rather definitely 
what procedures are to be followed in determining stray-load loss by 
measurement. 

‘The discussion offered by Mr. Miller is very much appreciated, as 
it amplifies some points given only brief mention in the paper. The 
wide variability in performance of the commutator is easily demon- 
strated by almost any operation that is performed upon it, or by any 
conditions to which it is subjected. The continual fluctuation of 
armature current under no-load conditions is indicative of this 
variation, and sanding of the commutator produces notable and 
long-lasting increases in loss, with accompanying heating effects. 
Likewise, paraffining produces a marked decrease in loss, and it was 
observed in some instances that the total rotational loss was de- 
creased by as much as 20 per cent. This represents a considerable 
decrease in actual power for any machine, and the cooler operation 
of the commutator at no-load was very apparent. The paper by 
Doctor Glass, which was not available at the time of writing the 
paper, is a very fine treatment of the subject and is worthy of con- 
siderable study. ' 

As to the terminal-to-terminal drop, it was not stated just how 
this was obtained, and the conclusion that it was measured while 
stationary is not surprising. However, the armature was actually 
rotated slowly by hand so as to procure average sliding contact con- 
ditions. It has been the author’s experience that this represents the 
running contact conditions with sufficient accuracy that it is far 
preferable to measuring the contact drop at full speed. Although 
this is not in accordance with code provisions, the intent was to 
measure the drops as they actually occurred at the time of the test, 
so as to measure the actual stray-load loss. 

The series winding was left out for purposes of the comparative 
tests for loss with different methods where the armature current 
conditions could not possibly be duplicated, but the commutating 
winding was included at all times. This established the magnetiza- 
tion as being entirely from an independent source and not dependent 
on the variable armature currents. That the ampere-turns of 
shunt and series fields are not of equal effect in producing flux is open 
to little question. It may be possible that, once the validity of the 
test method has been established, the series winding should be left 
in so as to give its full effect as under operating conditions. It is in- 
teresting to note that this will require reversing the series coil on the 
machine which serves as the generator of load-back couplet. 

The experience with regard to hysteresis effect when changing 
armature current is well included at this point. It was mentioned 
briefly in the paper that this same effect was present in the machines 
tested, particularly when the low excitation run was made. It is felt 
that the effect is of minor importance at normal saturations of the 
machine, but is well worth keeping in mind as it explains some 
manipulative difficulties that are otherwise surprising. As to shaft 
currents, no attempt was made to determine the presence of shaft 
currents, or in general to separate out the relatively smaller com- 
ponents of the stray-load loss. The size of the machines tested 
seems wholly unrelated to the amount of the loss measured, and it is 
the author’s feeling that even on small machines, where efficiency 
guarantees are of any importance at all, some tests must be made to 
measure the actual value of that loss. 

A detail of test procedure has been questioned by Professors 
Schilling and Koopman, and it is sufficient to say that both first and 
last readings of no-load loss were taken in accordance with standard 
procedure, the duplication being made to be certain of no major 
change in rotational loss during the test. Any difference of minor 
order was either prorated according to the time elapsed, or taken as 
an average of the two readings. 

The author is very glad to have the discussion from Mr. Hughes, 
of Brighton, England. He raises a question on a point which is 
often forgotten in the consideration of stray-load loss; namely, the 
original source of what is included in this rather comprehensive term. 
Certainly a sizeable portion of the stray-load loss is due to a change 
in the total iron loss of the machine with the increase in load current. 
It does not seem possible, however, to relate the stray iron loss to flux 
conditions when it is practically impossible to separate the loss into 
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the many components which of necessity are included in it. The 
test suggested by Mr. Hughes is one which would appear to have 
some promise for getting at the iron loss component, provided the 
machine in which one is interested has a compensating winding. 
The analytical expression for total iron loss should be helpful in con- 
sidering the problem from this rather fresh point of view. 

Too often the original source of the approximate methods of deal- 
ing with anything become so obscure that the very obscurity tends 
to strengthen the belief that those methods are exact, and it remains 
for one from afar to break down the time-honored acceptance. It is 
this desire, academic though it may be, to bring a fresh consideration 
of the stray-load loss to the d-c machine which prompted the author 
to undertake this work originally, and it is his hope that further 
progress can be made until the accurate treatment of the d-c ma- 
chine is as well established as that for any other, particularly in view 
of the present major trend to d-c machines for large mill drives where 
certain inherent characteristics make them indispensable. 


Unsymmetrical Short Circuits on Water- Wheel 
Generators Under Capacitive Loading 


Discussion and author's closure of a paper by C. F. Wagner published on 
pages 1385-95 of volume 56, 1937, AIEE TRANSACTIONS (No- 
vember 1937 issue of ELECTRICAL ENGINEERING) and presented 
for oral discussion at the electrical machinery session of the winter con- 
vention, New York, N. Y., January 27, 1938. 


C. Concordia (General Electric Company, Schenectady, N. Y.): 
There are two points which should be brought out in connection 
with this paper. First, because of the test method, i. e., the applica- 
tion of the capacitor or reactor load at the moment of short circuit, 
the transients are different from those associated with an actual 
fault on a system in which the capacitance or other load is continu- 
ously in the circuit. Also, due to generator regulation, even the 
steady state overvoltages observed are not the same as those ob- 
tained with similar permanent loads, the apparent overvoltages being 
high for capacitance load and low for inductance load. Near the 
point of third-harmonic resonance this difference may be about 30 
per cent, but can of course easily be corrected by calculation. In 
spite of these differences, the test overvoltages are undoubtedly 
qualitatively the same as those which would have been obtained in 
tests simulating more exactly the condition of an actual fault. 

Second, it should be emphasized that the ratio x,”/x"a, upon which 
the overvoltages due to line-to-line faults largely depend, is not 
simply dependent upon whether or not the amortisseur end rings are 
connected between poles, as might be inferred from the paper. In 
the machine used in Mr. Wagner’s tests, an unconnected damper 
winding gave a relatively large ratio, but as the machine size, in 
particular the relative axial length, is increased the difference be- 
tween unconnected and connected damper windings becomes 
smaller. Thus, for large low-speed water-wheel generators, un- 
connected damper windings may be much more effective than 
would be indicated by tests on a small machine. Moreover, the 
amortisseur design may have considerable effect on the ratio x9”/xq" 
aside from the connection between poles. Finally, the many other 
functions [see ‘“Overvoltages Caused by Unbalanced Short Circuits’ 
(Effect of Amortisseur Windings), by Edith Clarke, C. N. Wey- 
gandt, C. Concordia] of amortisseur windings should be considered 
in every application. 

Because of these factors, the electrical performance characteristics 
of an amortisseur can be more accurately described in terms of the 
ratio %_"/xq" than in terms of whether it is connected or uncon- 
nected between poles. 


W. V. Lyon (Massachusetts Institute of Technology, Cambridge) : 
This comprehensive analysis of Mr. Wagner’s is particularly interest- 
ing to me. In 1926 Rene Brosens working under my direction 
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obtained oscillograms of the open-phase potential when a line-to-line 
short circuit occurs on a three-phase generator delivering a con- 
densive load. As a generator he used a wound-rotor induction 
motor having a leakage coefficient of 0.046, and consequently the 
ratio x,/xq’ was about 20. For this reason Brosens obtained a much 
higher open-circuit potential than Mr. Wagner. Brosens noted a 
peak potential of about 18 times normal peak line-to-line potential. 
By applying the simplified theory proposed by Boucherot in 1911 
which neglects resistance and is consequently similar to the “‘con- 
stant flux linkage” theory of Doherty, Brosens checked the peak 
values of potential within about 10 or 15 per cent. He made no 
analysis of wave form. A brief report of Brosen’s work was sent to 
a few operating companies calling their attention to the possible 
danger of overpotentials with these conditions of operation. Ap- 
parently at that time the results were considered of only theoretical ~ 
importance, and so far as I know no attention was paid to the 
warning. — 

Fundamentally the excessive steady-state potential on the open 
phase is due to the difference in the transient reactances in the two 
axes. Even with a salient-pole machine it is theoretically possible 
to have a damper winding for which these reactances are equal. 


C. F. Wagner: Mr. Concordia is quite right in his point that the 
transients resulting by suddenly applying a short circuit across two 
terminals and a capacitor across the sound phase simultaneously will 
give a transient different than if the machine had been loaded before 
the application of the short circuit. I had made tests (see figure 11) 
with the capacitor connected before this short circuit and had come 
to the conclusion, however, that the difference is rather small. The 
general question of the effect of load regulation is discussed to some 
extent in my paper. It likewise will make a difference. Asa matter 
of fact it is possible to enumerate a host of factors that make a 
greater difference (and a much greater difference) than the factors of 
whether this capacitor had been connected before the fault or 
whether the regulation had been included properly. In practice it 
rarely occurs that the ideal conditions of an unloaded line to which a 
short circuit is applied are satisfied. Usually the machine under 
consideration is feeding power over a line to the end of which other 
synchronous machines are connected. These machines will usually 
have a damper winding or its equivalent. Upon the inception of an 
unbalanced fault, abnormally high voltages may be produced but if 
the breaker at the receiving end of the line opens first, then a condi- 
tion is satisfied under which much higher voltages may be produced. 
But in the transition to this, the important condition, note that an 
intermediate circuit condition was passed through. The transients 
during the beginning of this final circuit condition would in all 
probability be entirely different than if a similar unbalanced fault was 
applied to the unloaded machine, for example, while it is connected 
to the capacitance of the line. 

Mr. Concordia also infers that many of these conditions can be 
calculated easily. It must be remembered that the resonance 
conditions are the important points. But for this condition the 
armature resistance is very important in determining the maximum 
voltage. A method of analysis which will predict the maximum 
voltages must be capable of introducing the effect of resistance. 
Further, in the absence of a knowledge of these resistances it is im- 
possible to predict the maximum voltages. As shown in my paper 
the resistance varies with the frequency and while these data were 
obtained for a machine without damper windings a similar relation 
should apply for machines with damper windings. In this case the 
current distribution between bars and within the bars will vary and 
affect the resistance. A quantitative analysis should therefore in- 
clude this factor quantitatively and must apply for the resonance 
points. A comparison of figures 13 (5) and (c) of my paper gives 
some idea of the effect of armature resistance near a resonance point. 

With regard to Mr. Concordia’s second point that the inference 
might be taken from my paper that the effect of damper windings is 
simply dependent upon whether the damper winding is connected 
or not connected, I wish to call his attention to my statement near 
the end of my discussion of this subject (page 1391) which reads: 
“In any case figures 8d and 8h show that dangerously high voltages 
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can be attained with this kind of damper unless precautions are 
taken to insure that the ratio Xq"/xqa" is made more nearly equal to 
-unity.”” With nonconnected windings much can be done by properly 
locating the end bars to reduce this ratio considerably. 

But after all most of these points are more of academic than of 
practical importance. The analysis of this subject either by the 
method presented by Clarke, Weygandt, and Concordia or by the 
method presented by myself indicates that the general factors affect- 
ing the problem are pretty well understood. The practical solution 
appears to be to install non-connected damper windings with as low 
values of x,”/xq" as is practical to obtain. 

Professor Lyon’s discussion is very interesting. It is unfortunate 
that Brosens did not extend his analysis at the time to salient-pole 
machines. It is quite probable that his theories in this case would 
have received a more favorable reception. 


Stray-Load Losses 
of D-C Machines 


Discussion and authors’ closure of a paper by E. W. Schilling and R. W. 
Koopman published on pages 1487-91 of volume 56, 1937, AIEE 
TRANSACTIONS (December 1937 issue of ELECTRICAL ENGI- 
NEERING) and presented for oral discussion at the electrical machinery 
session of the winter convention, New York, N. Y., January 27, 1938. 


R. F. Franklin and T. M. Linville: For discussion, see page 401. 


T. H. Morgan: For discussion, see page 403. 


R. E. Hellmund: For discussion, see page 404. 


Victor Siegfried (Worcester Polytechnic Institute, Worcester, 
Mass.): This paper is a valuable contribution in that it gives further 
proof of the need for a renewed consideration of the matter of stray 
load loss in d-c machines. The fact that a test method for deter- 
mining these losses is available in which confidence can be placed is 
demonstrated by the results that Schilling and Koopman present. 
The writer is in whole-hearted agreement with their conclusion that 
the loss must be measured rather than assumed to have some arbi- 
trary percentage value. 

The authors do not state the ratings of the machines used, nor 
whether series or commutating windings were in use during the tests. 
This information would be helpful in interpreting their results. As- 
suming, however, that the machines are rated at 110 volts, and tak- 
ing rated current as 16.85 amperes, it would appear that rated full- 
load input is 1,854 watts. Reading from curve B of figure 10, a 
value for stray load loss of 35.5 watts per machine, the loss is thus 
1.91 per cent of full load input. Such a figure shows that the loss 
is one which cannot be neglected even for small machines, and that 
the one per cent rule of the Standards is wholly inadequate to take 
account of this loss. 

Schilling and Koopman are to be congratulated on the consistency 
of points on the curves presented in the paper. This shows careful 
work in the conduct of the tests, and further demonstrates that 
stray-load loss is actually measurable. Too long has the feeling 
been expressed that stray-load loss is not measurable. Their paper 
does present one method for determining it with results checked by 
an independent method, as shown in their figure 7. The experience 
of this writer is much the same—that stray-load loss can be meas- 
ured, that consistent results are obtainable, and that independent 
methods give practically identical results. 


E. W. Schilling and R. W. Koopman: In his discussion Professor 
Siegfried raises the questions of rating, and connection of the series 
and commutating-pole windings. The machines were rated two 
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horsepower, and the commutating-pole windings were connected 
in the usual manner. The series fields, however, were not used. 

The writers are greatly pleased by the interest in this paper shown 
by engineers of the larger manufacturing companies. Messrs. 
Hellmund, Franklin, and Linville point out that brush friction 
changes between no load and full load. In order to measure bearing 
and brush friction at conditions as near to actual load conditions as 
possible the machines were run until constant temperatures were 
reached before loss measurements were made, and friction loss was 
measured at no load immediately thereafter. Thus brush friction 
was measured at very nearly the same temperature, commutator 
surface conditions, and humidity as prevailed under load. As to 
the question of reduction in brush friction due to increase in current 
which is raised by Messrs. Franklin and Linville we have no data : 
however, it is evident that the change was not great enough to cause 
the low values of load-loss to swing negative. The writers admit 
that it is hard to determine accurately the brush-drop loss; however, 
the values obtained at rated current checked closely the conventional 
two volts. At any rate, by making allowance for increase in brush 
drop with increase in current, more accurate data for stray-load-loss 
were obtained than would have been obtained had the conventional 
value been used. 

If armature J?R loss had been calculated at the conventional tem- 
perature of 75 degrees centigrade and brush drop taken as two volts, 
some of the lower values for stray-load-loss would have certainly 
been negative. This would have been logical procedure had one 
definition of load loss been adopted; however, the writers attempted 
to adhere to the definition for stray losses given in the table under 
paragraph 2.105 of American Standards for Rotating Electrical 
Machinery, C50. 

The writers do not feel that they have presented adequate data to 
question the magnitude of the present percentage taken for stray- 
load loss, but they do believe that they have presented sufficient 
evidence to show that the use of a constant factor for all conditions 
of speed and field is quite inadequate. 


Switching Surges With 


Transformer Load-Ratio Control Contactors 


Discussion of a paper by L. F. Blume and L. V. Bewley published on 
pages 1464-75 of volume 56, 1937, AIEE TRANSACTIONS (De- 
cember 1937 issue of ELECTRICAL ENGINEERING) and presented 
for oral discussion at the power transmission session of the winter 
convention, New York, N. Y., January 27, 1938. 


R. C. Van Sickle (Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): The data presented in this paper are 
of interest to those concerned with switching surges in general, as 
mentioned by the authors, so a few remarks on their relation to other 
available circuit-breaker data are pertinent. It is particularly 
necessary to point out that although the phenomena in high-voltage 
circuit breakers are similar to that presented here, the magnitudes 
are much different and in particular the voltage surges are much 
smaller. 

The load-ratio control switches were tested on power sources of 
1,000 volts, 20 amperes alternating current and 125 volts, 25 amperes 
direct current. The speed of opening was relatively fast and cur- 
rents of 15 amperes were unstable and extinguished without waiting 
for the normal current zero. The overvoltages produced by them 
were enormous. By the interruption of direct currents, overvoltages 
of 67 times normal were encountered and of alternating currents over- 
voltages of 18 times normal. Such voltages on high-voltage lines 
would be disastrous so it is fortunate that certain limiting influences 
exist. 

The maximum dielectric strength between contacts of a high-volt- 
age breaker is relatively less than that of contactors. Moreover the 
increase in the gap between contacts during the period of current 


zero is also relatively smaller. Consequently, if the arc is interrupted 
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before a normal current zero, by one of the usual forms of high-volt- 
age circuit breakers, the maximum voltage which can be produced is 
limited by the dielectric strength of the are path to a magnitude 
which does not damage other apparatus. A paper ‘‘Breaker Per- 
formance Studies by Cathode Ray Oscillograms” presented before 
the Institute in 1935! contains an illustration, figure 4, which shows 
an excellent example of this voltage phenomena which occurred dur- 
ing the interruption of 20-kv, six amperes by a high-voltage breaker. 
The arc was unstable and restruck about 30 times before a current 
zero. However, the contacts had not separated sufficiently to en- 
able the breaker to withstand the recovery voltage at this current 
zero so the arc restruck and continued as an unstable restriking arc 
until the next current zero. During this time the current flowed 
through the breaker as a series of impulses with a time interval be- 
tween them less than 0.0001 second. On the magnetic oscillogram it 
looks like a normal half-cycle of current during an arcing period. 
Even with this extremely unstable arc, the maximum overvoltage 
produced by the circuit breaker was about ten per cent of the normal 
crest value of voltage. 

The effect of having a relatively higher dielectric strength is shown 
in figure 6 of the same paper. It is a cathode-ray oscillogram of the 
interruption of a 70-kv 20-ampere circuit by an experimental 287-kv 
high-speed breaker. In this case, the arc is unstable for approxi- 
mately two-thirds of a cycle but due to asymmetry of the current two 
normal current zeros occur in this period and the arc restrikes after 
the first one. The rapid speed of operation and high dielectric 
strength of the breaker produce overvoltages approximately 3.5 times 
the normal peak of the 70 kv applied. However, a pole of a 287-kv 
breaker must open 87 per cent of 287 kv which is a voltage having a 
crest value equal to the overvoltages obtained on this test. 

The paper by Attwood, Dow and Krausnick on “‘Reignition of 
Metallic A-C Arcs in Air’’ presented before the Institute in 1931? 
contains similar material and was based on arcs in low-voltage cir- 
cuits. However, the overvoltages obtained were not as high as those 
given in this paper because the arcs were produced between station- 
ary copper plates eight inches square and three-fourths inch apart. 
Some of these arcs became unstable and extinguished before the nor- 
mal current zero. However, the arc terminals were not being sepa- 
rated rapidly and consequently the maximum voltages produced by 
the current rupture were limited to about the normal crest voltage 
either by a glow discharge or by a complete dielectric breakdown be- 
tween electrodes. On the basis of the oscillograms in these papers it 
is reasonably safe to conclude that unstable arcs in high-voltage cir- 
cuit breakers do not produce as great overvoltages as are shown in 
the paper under discussion and that they probably are limited to 
considerably less than twice the normal voltage crest. 

The maximum value of the current at which the are becomes un- 
stable is given as five amperes for the a-c tests. This is higher than 
the 0.6 amperes for the ares between stationary copper plates where 
conditions were less favorable for arc extinction. However, in the 
70-kv 20-ampere circuit previously referred to, where conditions 
were more favorable for arc extinction, the arc was unstable through 
the small loop of an asymmetrical wave during which the magnetic 
oscillogram indicated a smooth loop with a crest value of 19.2 am- 
peres. 

The interruption of a 44-ky 330-ampere short circuit with the cur- 
rent becoming unstable at 11 amperes is shown in a paper, ‘‘Arc Ex- 
tinction Phenomena in High Voltage Circuit Breakers” presented 
before the Institute in 1933, figure 6.3 These data indicate that the 
current at which the are can suddently extinguish is a function of the 
effectiveness of the deionizing activity and the rate of current de- 
crease. 

The maximum value of direct current at which the arc extinguished 
abruptly is given as 15 amperes on page 1464 and as 20 amperes on 
page 1470. 

The reported erratic recovery of dielectric strength may be due in 
part to the interpretation of the data. It was assumed, as given in 
the conclusion, that ‘“Restriking was so abrupt as to be practically 
instantaneous and was followed by an immediate dielectric re- 
covery.” The discharge of a current through the are space during 
a restrike requires the ionization of the are path and, although the 
dielectric strength of the path does not fall to zero, it must be ap- 
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preciably reduced. The magnitude of the ionization is indicated by 
the oscillograms which show that these restrikes pass the equivalent 
of a steady current of several amperes. Consequently, the assump- 
tion that the envelope of the restriking voltage is the curve of dielec- 
tric recovery against time and that it gives the dielectric strength at 
any instant is not justified. The first figure referred to in this dis- 
cussion illustrates this point also. The recovery voltage builds up 
to about 25 per cent of the normal voltage crest following the rela- 
tively long deionizing period at the first current zero. (At the left of 
the oscillogram.) After the restrike, the value of voltage at which 
the arc restrikes is only about eight per cent of the normal voltage 
crest. The ionization produced by the restrike has definitely reduced 
the dielectric strength. 

The curve of the recovery of dielectric strength as a function of 
time should be a broken curve with an abrupt drop at each restrike © 
and with the following rise indicating the recovery. However, due 
to the various factors controlling the deionization, the recovery will 
still be erratic but not in the manner indicated in this paper. 
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D. C. Prince (General Electric Company, Philadelphia, Pa.): The 
investigations and data obtained by these authors disclose some 
very interesting phenomena applicable to currents and voltages of 
the order of magnitude of load ratio control, the field in which they 
have worked. In endeavoring to extend the reasoning to other 
fields, particularly the circuit-breaker field, a certain amount of 
caution must be observed. Arc phenomena of the nature of those 
which they are investigating in general are very different if the scale 
is changed. It is therefore not in general safe to assume that over- 
voltages would be multiplied by the same amount if different current 
values were used, or that they would be multiplied by the same 
amount if different voltage values were used. 

For both higher currents and voltages, circuit-breaker experience 
over a considerable period of years shows that overvoltages, where 
they occur, are of relatively small magnitude. In the range covered 
by the authors however these phenomena are very interesting and 
have counterparts in other fields such as mercury-arc-rectifier arc 
backs, etc. 


R. D. Evans and A. C. Monteith (Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa.): It is significant that 
three of the papers presented at this session deal with switching 
transients. This is indicative of an increasing interest in the prob- 
lem not only from the theoretical point of view but particularly 
from the practical standpoint because of problems actually en- 
countered in the operation of power systems. It should, however, 
be clearly recognized that the paper by Messrs. Blume and Bewley 
deals with a very special type of transient problem. These remarks 
are not to be construed as a criticism of the paper because the 
authors have indicated this fact in the title and have stated it in 
the early part of their paper. 

Concerning the authors’ investigation, we would like to comment 
on certain specific points. In reviewing the paper we find no men- 
tion of the characteristics of the source, a factor which we believe 
to be of importance. If the abrupt forcing of current zero takes 
place there will be an oscillation on the source side as well as on the 
load side of the circuit-interrupting device and the voltage appearing 
across the device will be the vector sum of the oscillating voltages 
appearing on both sides. ; 

The authors have divided the recovery voltage problem into three 
parts: first, the normal-frequency component; second, the high- 
frequency component dependent on the capacitor voltage; and, 
third, the high-frequency component depending on the reactor 
current. Our paper “The Determination of Recovery Voltage by 
Analytical and A-C Calculating Board Methods,” presented at the 
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lieved that the third is only of importance in dealing with relatively 
Coreen In a normal 
power circuit with typical values of fault current, it is believed the 
hird factor becomes less significant, especially on the higher-voltage 
circuits. 

The authors have inferred the same “dielectric-recovery curve” 
whether there is or is not restriking. The shape of the dielectric- 
recovery curve will be materially modified when restriking takes 
place and the shape will be dependent upon the number of restrikes, 
In high-voltage circuit breakers it will depend on the contact sepa- 
ration. Therefore, the phenomenon is not as simple as indicated in 
figures 6, 7, and 8. 

Production of high-frequency transients on a large scale is not to 
be expected on power systems with conventional types of current 
interrupters from the factor of the forcing of the current zero as 
described by Blume and Bewley. Instead, it is our opinion that 
such voltage, if encountered, will be due to the successive re-estab- 
lishment of the arc path at such intervals as to produce cumulative 
oscillations. In this connection it should be pointed out that the 
process of producing cumulative oscillations requires certain rather 
definite relations between the system recovery-voltage time curves 
and the insulation recovery-time curves to make it possible. If the 
shapes of these curves differ from that which is required, the oscilla- 
tions do not become cumulative and the voltages will be limited to 
about the value corresponding to a simple are suppression or to 
that of one restrike. It is because of this difficulty in setting up 
the essential conditions for cumulative oscillations that has made 
their probability so small that they are rarely encountered. 

Summarizing, it is our opinion that if high voltages due to switch- 
ing transients on main power circuits are to be encountered they will 
take place principally through the mechanism of restriking just 
described. Furthermore, the mechanism of producing overvoltages 
by the sudden forcing of current zero appears to be a factor of small 
importance on high-voltage apparatus and circuits but of increasing 
importance as the voltage is reduced until it becomes a major factor 
in the special type of problems to which the authors have limited 
their investigation. 


| 


J. D. Cobine (Harvard Graduate School of Engineering, Cambridge, 
Mass.): The authors are to be commended for their instructive 
presentation of the nature of the voltage appearing across an im- 
pedance when its current is interrupted by a switch. 

The curves of figures 6 and 7 assume that the duration of current 
subsequent to a restrike is zero and there is no change in the dielectric 
recovery curve, while the oscillograms of figures 9, 10, and 11 show 
that the voltage falls at approximately a uniform rate for a measur- 
able interval of time during which current is apparently flowing. 
Now if an arc current flows after restrike the dielectric strength of 
the gap has obviously been reduced to a low value and an entirely 
new dielectric recovery curve must be plotted starting from the time 
the new current flow is interrupted. Thus in figures 6 and 7 a new 
dielectric recovery curve must be drawn for each restrike. These 
dielectric recovery curves will be different from the first because of 
two important factors, namely, the current of the new arc will have 
changed and the length of the gap at the time of its interruption is 
different. The new arc current will be less than the old and therefore 
the dielectric recovery will increase at a more rapid rate than before. 
Lengthening of the gap will also raise the recovery voltage curve. 
Of course, if the restrike current is very small and of short duration 
there will be little change in dielectric recovery. It would be of 
great value if the authors could give some values of current that are 
typical of the restrikes presented. 

The shapes of the experimental curves of dielectric recovery, figure 
11, are quite interesting, but somewhat obscure as to details. What 
is the difference between the several curves for the same shunt ca- 
pacitance? Was the initially interrupted current the same in each 
case? Ifso, what wasits value? 

It may be that the erratic behavior of the restriking voltage of the 
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switch is due to the presence on the contacts of impurities having low 
work-functions. These impurities would also be vaporized into the 
are column and by their low ionization potentials lower the reigni- 
tion potential. Some research of the writer (ELEcTRICAL ENGINEER- 
ING, volume 53, 1934, page 1081) has brought out the marked effect 
of impurities in lowering the reignition voltage of a short arc. Small 
amounts of these impurities were found to produce random varia- 
tions in the reignition voltage. It is obviousely very difficult to 
have a commercial device free of impurities so that the switch was 
probably thoroughly contaminated. 


Protection Features for the 


Joint Use of Wood Poles 


Discussion and authors’ closure of a paper by J. O'R. Coleman and 
A. H. Schirmer published on pages 131-40 of this volume (March 
section) and presented for oral discussion at the power transmission 
session of the winter convention, New York, N. Y., January 27, 1938. 


Sidney Withington (New York, New Haven and Hartford Railroad 
Company, New Haven, Conn.): This paper indicates the great 
advantage of broad-minded co-operation between power companies 
and communication interests, permitting the solution on a purely 
rational and engineering basis of problems which may be of some- 
what controversial nature. Both classes of utilities, the electrical 
engineering profession, and the public generally are to be congratu- 
lated on such co-operation. 

The public utilities commission of the State of Connecticut, 1922, 
stimulated among the utilities in the state the compilation of rules 
and specifications governing joint wood-pole-line construction carry- 
ing power circuits of more than 5,000 volts, and communication cir- 
cuits. These rules provided for construction on a basis mutually 
agreeable to all interests concerned and saved both power companies 
and communication companies a very considerable amount of money 
in duplicate construction, which would have been necessary if each 
class of public-service companies had been obliged to construct its 
pole lines independently of the other. That was one of the earliest 
instances of such joint action among the utilities interested, and was 
a notable example of successful co-operative effort in the solution on 
a rational basis, of problems which might otherwise have continued 
to be troublesome and expensive to all concerned. It is indeed a 
source of gratification that such co-operation is being continued. 


H. A. Dambly (Philadelphia Electric Company, Philadelphia, Pa.): 
This paper marks an important advance in the co-ordination of 
electric power and telephone systems. It was early recognized that 
for two services which so generally supply the same customers, 
design based on keeping the two systems widely separated was not 
practical in the long run, and that any solution which did not permit 
both systems to occupy the same general area and the same streets 
and highways was unsound from the long point of view. Joint use 
as compared to separate lines for many situations is a further step in 
the recognition of this principle. Further, the advantages of joint 
use which have been conclusively demonstrated over many years in 
the lower voltage field clearly indicated the necessity for developing 
means to permit similar operation at the higher voltages. This 
paper presents a much needed answer to these situations. 

The paper is particularly timely in view of the rapidly increasing 
demands for electric service which in turn have brought many com- 
panies face to face with the problem of raising primary distribution 
voltages in order to meet these demands. Many of these systems 
are now operating on a joint use basis at 5,000 volts or less, and the 
necessary pole plant investment to accommodate both systems has 
been made. Under these conditions the need for suitable design fea- 
tures which will permit continuance of satisfactory joint operation 


at the higher voltages is evident. J 
By co-operative arrangement between the operating companies 
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involved and the joint subcommittee on development and research 
of the Edison Electric Institute and the Bell System, the protective 
features outlined in this paper have already been worked out for a 
number of specific situations throughout the country, and it is be- 
lieved that reasonable solutions can be reached in any specific situa- 
tion. 

In discussing separate lines versus joint lines, the statement is 
made that in rural and thinly settled areas it has been generally prac- 
ticable and desirable to construct separate lines. It is recognized 
that types of construction widely different from normal span lengths 
may affect economies. However, it seems to me that in these areas 
one of the principal advantages of joint use, namely, the saving in 
avoided investment in poles with consequent saving in annual charges 
may be obtainable, particularly if planning is done on a broad for- 
ward-looking basis. Economies are needed to minimize the cost of 
both services to these rural customers. While the application of the 
protective measures in these areas involves somewhat different prob- 
lems than in suburban and urban areas, the methods outlined in the 
paper should be applicable in these rural areas. 


A. H. Schirmer: No one will question Mr. Dambly’s statement that 
every reasonable economy should be practiced to minimize the cost 
of power and telephone service to rural customers. However, 
experience to date in studying specific situations, particularly those 
involving the long-span type of construction which has recently been 
used by most power companies in rural areas, indicates that, in gen- 
eral, there is no economy in joint use of lines in such areas, even from 
the structural standpoint alone. In other words, rural telephone 
lines on separate poles can, in general, be maintained at an annual 
charge less than the yearly cost of placing such circuits on jointly 
used poles. Furthermore, the inductive co-ordination problem in 
rural areas is frequently a difficult one even where separate power and 
telephone lines are used, and this difficulty may be definitely in- 
creased where both the power and telephone circuits are on common 
poles. 


Lightning Strength of Wood 


in Power Transmission Structures 


Discussion and authors’ closure of a paper by Philip Sporn and J. T. 
Lusignan, Jr., presented at the power transmission session of the winter 
convention, New York, N. Y., January 27, 1938, and published on 
pages 91-101 of this volume (February section). 


F. E. Andrews (Public Service Company of Northern [Illinois, 
Chicago, Ill.): It is desired to emphasize conclusion 8 in the paper 
to the effect that the data presented add greatly to the knowledge 
of the impulse insulating property of wood in transmission struc- 
tures. This paper appears to provide a basis very much more 
satisfactory than any information heretofore available on the 
design of wood-pole transmission and line structures to withstand 
impulse voltages. 

This discussion is presented from the point of view of operating 
experience of 33-kv wood-pole transmission lines, using pin-type in- 
sulators without ground wire, with nine feet of wood between phases 
and the equivalent in insulating value from line to ground of 800 to 
1,000 ky minimum on the basis of information in the paper (from 
figure 12). This operating experience indicates very greatly im- 
proved operation, that is, reduction in line tripouts, with this con- 
struction in comparison with conventional construction, that is, 
construction using steel crossarm braces and without impulse insula- 
tion in the guys. 

Many cases have been noted where lightning has discharged over 
a structure without power follow or line interruption, the location of 
such cases being indicated by splinters on the poles or crossarms. 
In the cases where power follow has caused tripouts this has usually 
been found to be due to an arc between phases and in a number of 
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instances, as indicated by burns on the conductor, this has taken 
place through air in the span away from the pole with minimum 
phase to phase distance of 7.3 feet. This experience indicates that 
there is no practical spacing with 33-kv single-pole construction at 
which power follow will not occasionally occur, although the wide 
spacing appears to materially decrease the susceptibility to power 
follow by comparison with results obtained with conventional con- 
struction. 

In order to have a complete answer to the problem of lightning 
interruptions to lines of this type so that performance can be defi- 
nitely estimated or predicted, it seems necessary to obtain in ad- 
dition to lightning flashover data of the character covered by this 
paper, data on factors influencing power follow. It is believed that 
data showing the effect of the variables which govern the tendency — 
for power to follow and maintain an arc after lightning flashover are 
quite necessary if best use is to be made of the lightning strength 
data in the present paper. 

The use of the data on impulse strength of wood and porcelain 
to provide maximum resistance to lightning flashover within the 
dimensional limits of practical construction when combined with 
information on expectancy of power follow when lightning flashover 
does occur, should greatly increase the practical value of the data 
given us in this paper. It is to be hoped that the authors will con- 
tinue their work to cover the problem of power follow. 


P. B. Stewart (Cincinnati Gas & Electric Company, Cincinnati, 
Ohio): We have reviewed this article with a great deal of interest. 
We note in particular the reference to the reduced insulating proper- 
ties due to moisture retained in wood poles. 

Several years ago we made a study of the electrical resistance of 
wood poles. This work was covered in an article prepared for the 
American Wood Preservers’ Association and can be found in their 
proceedings for the year 1936. In this study we found that the 
conductivity of wood varied with the moisture content. In most 
cases creosoted pine poles had lower resistance than cedar poles. 
This, however, was due to lack of proper seasoning. 

It may be that there is a definite relation between the electrical 
resistance of wood and the impulse insulation strength of wood. 
This relation might hold true either above or below the fiber satura- 
tion point of the wood. In our study we found that a variation of 
moisture content above the fiber saturation point of wood had little 
effect on the electrical resistance. After the material had been 
seasoned below the fiber saturation point, a small variation in the 
moisture content had considerable effect on the electrical resistance. 

Wood is a product of nature and has many variations. For this 
reason it is very difficult to determine accurate values from labora- 
tory studies unless a very large number of tests are made. It is also 
very difficult to assimilate natural rain conditions due to the slow 
absorbing qualities of wood. 

This article will be of great value in the design of wood-pole trans- 
mission lines. 


L. G. Smith (Consolidated Gas Electric Light and Power Company 
of Baltimore, Md.): A paper of this nature is quite valuable to 
those designing transmission and distribution lines, since wood is 
of considerable benefit as insulation in raising the impulse flashover 
values. The formulation of these data so that they may be used as 
design information is of particular importance. It is frequently de- 
sirable to calculate the impulse level of new designs of lines in ad- 
vance of their installation as otherwise wood insulation may be used 
wastefully and balanced designs not obtained. Moreover it is 
undesirable to have to test each design contemplated. The data 
given by the authors make design calculations of impulse levels 
possible. The ideal design is one in which a balanced design is ob- ~ 
tained, that is, one in which the impulse flashovers from phase to 
phase and phase to ground on all phases are approximately equal. 
Several years ago tests were made by the Locke Insulator Corpo- 
ration for the Consolidated Gas Electric Light and Power Company 
to check certain designs of 13.2-kv, 35-, and 115-kv lines. Asa re- 
sult of these tests balanced designs of lines were obtained. These 
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Tests were also made on a 66-kv type of structure, which was de- 
signed for future operation at 110 kv. This type of construction is 
illustrated in figure 3. The results of the tests on this construction 
are shown in table IV. Two types of arcing horns were used in these 
tests, the older type to which reference is made is the conventional 
type of horn, which had the effect of reducing the flashover of strings. 
In the new. type of horn, the horn was straightened in order to effect 
the minimum reduction of flashover of the string. 

In the tests on wood poles it is interesting to note the difference 
between the various types of poles. Our tests showed similar re- 
sults in some cases, the moisture in the pole lowered the resistance 
sufficiently to permit the impulse generator to discharge through 
this resistance without obtaining an external flashover. One of the 
poles tested had an internal moisture content of from 112 per cent 
to 136 per cent. However, it is believed that if the generator had had 
sufficient current discharge capacity, external flashovers could have 
been obtained. Since pine poles immediately after creosote treat- 
ment may have a very high moisture content it is quite possible that 
the trouble noted by the authors may have been similar to that out- 
lined above. 

Another point of interest is the relatively small effect of the various 
sizes of insulators upon the flashover of the combination of pin-type 
insulators and wood crossarms, shown in figure 10 of the paper. It is 
believed that this is a very important consideration in the design of 
low-voltage lines. This feature may be utilized in the practical de- 
sign of lines by choosing an insulator of sufficient size necessary to 
give the desired 60-cycle flashover and leakage characteristics. The 
remainder of the impulse level can then be obtained by the judicious 
use of wood, which usually will be at a lower cost than the cost for 
additional porcelain. 


Figure 2 (left) 


-5% UNIT 
SULATORS 


GUY 
WIRE 


| & | 212-8 ARM 
A i 


ee 


pNUZ 
BOLT 


Figure 3 (right) 


record of this line before and after the above structural changes were 
made. The line which is 15 miles long is of standard two-circuit 
vertical configuration carrying a ground wire above the pole top. 
The ground wire is grounded every third pole, ground resistances 
ranging from 20 ohms to over 300 ohms. There are 483 structures 
in the line, 42 of them being guyed structures. The guys were in- 
sulated when the wood insulation was added. 

During the four years prior to revamping, there was an average 
of 3.2 single-circuit outages per year due to lightning and 7.2 double- 
circuit outages per year. For the five-year period following re- 
vamping with wood insulation these were reduced to 2.2 and 0.6 on 
an average yearly basis. That is, the single-circuit outages were 
reduced 36 per cent and the double-circuit outages 92 per cent. 

Where double-circuit lines are used to protect the continuity of 
service rather than for load requirements, the performance of the 
lines must be evaluated on the double-circuit outages alone, as a 
single-circuit interruption does not result in a service interruption. 
On this basis the improvement in performance of the above revamped 
33-kv line is quite remarkable. 


Table III. Summary of Impulse Tests on 13.2-Kvy Double-Circuit 


Inverted Wood-Pole Construction 


Ground Assumed to Be on Four-Kv Neutral on Four-Kv Arm Four Feet 
Below Lower Arm 


Flashovers in Kilovolts With 1!/.x40 Microsecond 
Positive Wave 


Angle Guy With Two Porcelain Insulators— 
Wood Crossarm Braces 


At Bottom At Bottom 
I. W. Gross (American Gas and Electric Service Corporation, New pores of Urner 
, Brace At Bottom of Brace, One Foot Below 
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_ Corresponding records are not at present available for the re- 
ry amped 66-kv lines, as in some cases the reconstruction work was not 
carried out on complete lines, and in other cases sections of interven- 
ing steel-tower lines obscured the records. An over-all survey of 
the performance records of these lines, however, seems to indicate 
a reduction in outages comparable to the impulse-insulation im- 


provement shown for these 66-kv structures in figures 20A and B of 
the paper. 


R. L. McCoy (Locke Insulator Corporation, Baltimore, Md.): The 
paper by Messrs. Sporn and Lusignan is of extremely great interest. 
The authors are to be congratulated for having carried on a well 
organized and comprehensive investigation on this important sub- 
ject. Significant light has been shed on many obscure factors 
which in the past have been given little or no study. This paper 
gives stimulation to further thought along this line. 

In transmission structures we are interested in the over-all im- 
pulse insulation afforded by various combinations of wood and por- 
celain insulation. The data presented bring out in a striking way the 
fact that to obtain the most benefit from wood as an adjunct to por- 
celain consideration must be given to the proper co-ordination of 
_ these materials. Analyzing the data presented in the paper, that is 
: in figures 10A, 12A, and 13, it is seen that the positive-polarity im- 
7 pulse strength of wood taken as an adjunct to porcelain insulators 
_ varies from approximately 130 kv per foot with pin-type insulators 
: down to approximately 55 kv per foot with ten-unit strings of sus- 

pension insulators. 

: A variation of a somewhat similar nature is noticed in the nega- 
tive-polarity impulse strength as an adjunct toporcelain in figures 10B, 
12B, and 13. This suggests as the authors point out that particu- 
larly in the case of the longer strings of suspension units the stress dis- 
tribution between the porcelain and wood elements is badly out of 
proportion to their respective impulse strengths. The authors sug- 
gest that this may be due to unfavorable relative electrostatic ca- 
pacitances of the various elements. 


In order to check this proposal a four-foot section of creosote- 
dipped well-seasoned crossarm having a cross section of four inches 


by four inches was tested in series with the following dielectric 
members: 


(a) One-unit heavy-duty switch and bus insulator having a capacity of 53 
micromicrofarads at 60 cycles. 


(b) A two-unit string of standard five and three-quarter-inch by ten-inch sus. 
pension insulators having a capacity of 15 micromicrofarads at 60 cycles. 


(c) A 13!/2-inch rod gap which should have relatively very low electrostatic 
capacity. 


These dielectric members were selected because at standard hu- 
midity they have approximately equal full-wave impulse flashover 
values on a 1.5 x 40 positive impulse wave. All tests were made at 
an absolute humidity of 0.3 inch of mercury-vapor pressure. The 
four-foot wood section alone gave impulse strengths of 166 kv per 
foot positive and 154 kv per foot negative. The insulation added 
by this wood section to the switch and bus insulator, the two unit 
string of suspension units, and the 13 !/,-inch rod gap were respec- 
tively positive polarity 153 kv per foot, 158 kv per foot, and 172 kv 
per foot, negative polarity 155 kv per foot, 148 kv per foot, and 167 
kv per foot. 

It should be noted that in these measurements practically the full 
impulse value of the wood itself was added while in the case of the 
rod gap the wood added more strength than it possessed by itself. 
This suggests three things, first, that perhaps the relative leakage 
resistance of the insulation elements is also important, or perhaps 
the relative surge impedances of the elements which would take into 
account not only the relative capacities but also the relative resist- 
ances. Second, that as the authors’ data might be interpreted to 
suggest the impulse strength of the wood section should be large in 
comparison with the impulse strength of the insulator element. 
Third, that the distribution of stress between the porcelain and wood 
elements may be a function of their relative time lags. 

It is a matter of observation that the time lag at the full wave 
flashover on pin-type insulators and short strings of suspension units, 


Table IV. Summary of Impulse Tests on 66-Ky Wood-Pole Lines 


Pumphrey to Annapolis Future 110-Kv Line Construction 


Six Insulators per String—Pole Ground Wire 


Flashovers in Kilovolts With 11/, x 40 Microsecond Positive Wave 
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Straight Line Fittings, Insula- 


Straight tors Vertical Six-Unit String 
3 Only, Straight 
Line z 171/2 421/3 51 601/2 ~see Saas 
Fittings Angle Fittings New Type Arcing Horns — Deg. Deg. Deg. Deg. Line Fittings 
Insu= | Insu- Straight Line Fittings Angle Fittings 65 533/4 45 36 Old New 
lators lators 30 45 10 20 10 20 Ia. In. In. In. Type Type 
Ver- Ver- Deg. Deg. Insulators Deg. Deg. Insulators Deg. Deg. Clear- Clear- Clear- Clear- Arcing Arcing 
tical tical Swing Swing Vertical Swing Swing Vertical Swing Swing ance ance ance ance Horns Horns 
Peers Column No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
*520....*580 
CHB. oo. 12a -BS0n2> 540: 2 -#1,025.5...*940....*885.. 28995... F805. BITTON eee cetacean metaverse te es 
See aaa Sri Tenn eet. 1. 600... 1,025...-- 940.... 835.... 905.... 805.... 770....1,010.,...810....685....560. se peo 
C phase to ground.... BNE PAW Rea aS peop tees kREee oh: 4 SEO TRAC On CaN TIC RT 2) 8s PICO IO Tg DONRS HOR IC OSI, 205. <n 


FEO ToD aici bk BOO «ine <3 ass 


Eight Insulators per String—Pole Ground Wire 


Guy With Wood Insulators Six 


Feet Below Lower Arm. Old 
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say from one to five units, varies from four to eight microseconds, 
while on long strings of suspension units, ten units or more, it may 
run from 15 to 25 microseconds. 


J. H. Hagenguth (General Electric Company, Pittsfield, Mass.): 
The authors have given the results of a very thorough investigation 
of the impulse characteristics of wood alone and wood in series with 
insulators. 

Some tests on wood crossarms made in the high-voltage engineer- 
ing laboratory in Pittsfield check the results obtained by the authors 
very closely. For instance, data published in a paper on ‘‘Impulse 
Voltage Strength of Insulators and Materials’ by J. C. Dowell and 
C. M. Foust, figure 30 checks figure 4 of the paper for the flashover 
of pine at two microseconds almost exactly, while the Pittsfield values 
for the full-wave flashover are approximately eight per cent higher. 
Curves of figure 30 of the above reference begin to bend over con- 
siderably at about five feet—the flashover voltage of nine feet is 
only 86 per cent higher than at four and one-half feet—while the 
authors’ figure 7, curve A indicates proportionality between flash- 
over voltage and length of wood gap. In my opinion, it seems more 
reasonable to expect a smaller increase in flashover voltage for great 
length of wood, because the flashover of wood probably is a creepage 
phenomenon, which tends to be progressive, once an arc has started 
and the addition of a few feet of creepage path will not materially 
increase the flashover voltage. 

Some investigation carried out on large-scale pole structures 
in the laboratory seem to check this contention. During these 
tests, wood crossarms with a length of as much as 11 feet and in- 
sulator strings of 9 to 15 units were in series. The ratio of measured 
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Figure 5 (left), Impulse insulation added to pin 
insulator by untreated pine crossarm—full-wave 
flashover 380 140 


A—Curves for average insulation increase of 130 ky per 
foot and 110 kv per foot from figure 10C paper 


B—Values obtained from wet flashover tests 66-ky pin- 
type insulator in series with Pine crossarm, precipitation 


C—Shows ratio of wet to dry flashover voltages 


Impulse flashover character- 
istics of pin insulators plus 36-inch wood 
Positive polarity 

A—Fir crossarm, dry, same as figure 11A of the paper 


B—New pine crossarm, rain test 0.2 inch per minute plus 
66-kv insulator 


C—66-kv pin-type insulator alone 


D—Overvoltage of crossarm alone (when in series with 
0 insulator) 
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to calculated (similar to table I of paper) flashover voltage was ap- 
proximately 0.50, if the kilovolt values curve A of figure 7 of the 
paper are used, and 0.80 if the kilovolt values of the Dowell-Foust — 
paper figure 30 for ten microseconds are used. The impulse in- 
sulation added per foot of crossarm during these tests varied between 
30 and 50 ky per foot. The lower figure usually was associated with 
the longer wood gap. Lengths of wood poles up to 35 feet were 
arced over, when in series with an insulator string. During these 
tests it was also quite well established that the flashover voltage of 
an air gap 21 feet above ground was approximately the same as the 
same gap spacing with standard mounting. For instance, a 90.5- 
inch air gap 21.5 feet high, flashed over at 1,385 kv (1,400 kv standard 
rod gap) and a gap of 166 inches flashed over at 2,640 kv (2,530 kv 
standard rod gap). All these tests were made with 1.5x40 waves 
of positive polarity. 

There appears to be some discrepancy between the results of 
figures 4, 5, and 7 of the paper. In figure 4, the flashover voltage 
of a pine crossarm of approximately 20 square inches is given as 530 
kv at four feet, while figure 7 shows a flashover voltage of 610 kv 
for the same length. While this difference may be accounted for 
by the difference in treatment and general condition of the wood, 
these results do not seem to check figure 54. The poles used for 
the test presumably had a larger cross section than the crossarm 
and should, therefore, be expected to have a relatively lower flash- 
over voltage. 

The authors mention very briefly the effect of rain on the insula- 
tion strength of wood, stating that a reduction of some 50 per cent 
might be obtained. Since the lightning disturbances usually occur 
under rain condition, it naturally would be of real importance to 
have more data taken under such conditions. It may, therefore, be 
of interest to compare dry flashover voltages as given in the paper 
with flashover voltages obtained under rain conditions in Pittsfield 
with a precipitation of 0.2 inch. The Pittsfield tests were made 
using a 66-kv pin-type insulator in series with wood crossarms. 

Figure 4 (this discussion) shows a comparison between flashover 
voltages under the two conditions. It is a coincidence that the 
flashover voltages of the two insulators is the same, although one 
was tested, when dry, the other under rain. The considerable re- 
duction due to rain in the insulation strength added by the wood is 
apparent especially for the first 12 inches. This is shown more 
clearly in figure 5 (this discussion) where the impulse insulation 
added to the pin insulator by an untreated pine crossarm is plotted, 
similar to figure 10C of the paper. Curve C on the figure 5 (this 
discussion) shows the ratio of wet to dry flashover, which is very low 
for short lengths of wood increasing to 50 or 60 per cent at about 
four feet, the maximum length investigated. This ratio is approxi- 
mately the same for positive and negative polarity. For short 
lengths of wood, the calculations should, therefore, be based on the 
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wet flashover of the insulator only, for greater wood gaps the strength 
added by the wood probably will not greatly exceed a value of 50 
per cent of those given in the paper. During these tests the over- 
voltages required to flashover at short times were measured for 
the insulator alone and for the insulator in series with wood and 
are shown on figure 6 for a 66-kv pin-type insulator with 36 inches 
of crossarm. Curve D of this figure represents the added strength 
of the wood in terms of overvoltage obtained by subtracting curve 
C from curve B and using the value obtained for the full-wave flash- 
over as 100 percent. Of considerable interest is curve E which 
shows the ratio between the flashover voltage of the insulator alone 
to the flashover voltage added by the wood at different times to 
flashover. 

This ratio is almost constant down to 1.5 microseconds and then 
the insulation strength added by the wood becomes greater than 
that of the insulator. The other end of this curve indicates zero 
strength added for 60 cycles. Although the 60-cycle tests were 
made after the crossarm was subjected to a considerable number of 
impulses and was badly splintered, it might be expected that the 
60-cycle flashover under rain of the added length of wood would be 
| considerably decreased, since the pin of the insulator at this low 
frequency is practically at ground potential, when the wood is wet 
and flashover of the combination will occur at the flashover voltage 
of the insulator. 


R. H. Earle (Line Material Company, South Milwaukee, Wis.): 
This paper is an interesting addition to our knowledge of the elec- 
trical properties of wood when used as an insulator on power lines. 

This investigation, particularly when compared with former ones, 
shows rather a wide divergence of numerical test data. Such a range 
of test results is not at all surprising, however, in view of the other 
electrical properties of wood. 

It is generally recognized that the resistance of wood shows enor- 
mous variations and depends not so much upon the species of the 
wood as upon the amount of moisture that it contains. This is not 
necessarily free visible moisture, but is rather the moisture which is 
absorbed by the cells of the wood from the atmosphere and the mois- 
ture content of the wood depends upon the humidity of the air to 
which the wood is exposed. Penetration of this moisture through 
the wood is rather slow. In ordinary outdoor weather conditions, 
such as wood structures encounter, the humidity is, of course, con- 
stantly changing with the result that the wood is practically always 
either absorbing or giving off moisture and since the moisture is trans- 
ferred through the wood slowly, the actual moisture content repre- 
sents a summary of the weather conditions for perhaps several 
months past. 

It is accordingly seldom that the moisture content of a crossarm or 
pole will be uniformly distributed and since the electrical resistance 
of the wood depends so markedly on the amount of moisture that it 
contains, the pole or crossarm is electrically a bundle of resistors in 
series and parallel combinations and each resistor has a different 
value. The over-all resistance of the wood with nonuniform dis- 
tribution of moisture is apt to be lower than would be the case if the 
moisture content were uniform throughout the volume of the speci- 
men. Furthermore, in specimens of large cross sections there is 
likely to be a greater variation in electrical resistance across the sec- 
tion than is the case in pieces of smaller sections. 

Applying these facts to some of the conclusions shown by the 
author’s paper, we find a plausible explanation for several of the 
conclusions. For example, conclusion number 3 states that lower 
flashovers accompany larger wood sections. This would be ex- 
pected since in general the resistance of the large sections is less uni- 
form and lower than for the small sections. 

In conclusion number 4, it is likely that fir and pine would show 
the same flashover if they had the same moisture content. 

In conclusion number 5, it seems likely that the newly creosoted 
pine poles had not dried out to the extent that the old ones had, and 
conclusion number 5 also bears out the belief that impregnation only 
permits the pole to shed water a little more readily and aside from 
this does not influence the moisture content. 

In conclusion number 6, it appears likely that the effect of the rain 
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was twofold: first, to reduce the resistance of the wood by penetra- 
tion of the fibers, and second, to form an electrolytic conducting 
path over the surface of the wood due to the rain dissolving impuri- 
ties on the surface of the wood and thereby forming an electrolyte. 
It appears that the extreme ranges of insulating values of wood — 
crossarms, poles, and strain rods would be obtained by assuming 
the dry flashover of a corresponding length of air as the upper limit 
and by running further investigations on water-soaked timbers of 
some wood that soaks up moisture readily, such as beech, birch, or 
maple. Due to the comparative ease of impregnating these three 
woods with water, the results of electrical tests on such specimens 
would probably be lower than would be obtained in practice where 
the species would be more likely one of the firs, pines, or cedars. 


Philip Sporn and J. T. Lusignan, Jr.: Mr. Andrews comments on 
the ability of wood to help prevent 60-cycle power current from 
following. This is an aspect of the wood insulation study which is 
well worth developing, but one which was not included in our 
program. There were so many factors affecting the impulse break- 
down of wood, it was impossible for us to add tests involving 60-cycle 
follow current. 

Mr. Stewart mentions some moisture studies he has made on wood 
poles and the variation in insulation value observed. We imagine 
that his work involves the 60-cycle phase of the problem, possibly 
with respect to pole burning or leakage. The manner in which he 
found moisture to affect insulation is interesting, but we feel that 
the behavior under impulse might be different from that encountered 
under power frequency. Our principal reason for this thought fol- 
lows from the ability of moisture to serve as a conductor under the 
two conditions of 60-cycle and impulse surges. In other words, the 
moisture conduction must be electrolytic and involves movements of 
relatively slow electrolytic ions which would not respond to impulse 
voltages, lasting only a few microseconds, but which would serve 
as fair conductors of current for the longer power-frequency waves. 
We concur with Mr. Stewart in that a large number of tests are 
necessary in order to obtain dependable results on wood, chiefly due 
to the variable nature of that material. 

The manner in which Mr. Smith has applied the results of labora- 
tory studies to his line designs is most interesting. It is gratifying 
also that his results and conclusions concur so well with the authors’. 

The tests which Mr. McCoy describes add very interesting in- 
formation regarding the ability of wood to increase the insulation 
strength of a transmission structure. All of the reasons why wood 
does not add its full strength to the porcelain members are not clear 
to us as yet. We offered the suggestion that capacity distribution 
was an important factor, since under impulse, the conducting prop- 
erties of moisture had little time to enter. However, we feel that 
the effect of the relative time lags of the porcelain and wood which 
Mr. McCoy mentions to be appreciable also. In fact it was a little 
easier at the time to explain the shape of some of our oscillograms by 
considering the possible time-lag curves of the porcelain and wood as 
well as what we consider to be the relative voltage distributions. 
The time-lag phenomenon which Mr. McCoy mentions wherein 
pin-type insulators and short suspension strings have shorter time 
lags than long strings is something which seems to hold with most 
long and short air breakdown paths over insulation. In other words, 
short rod-gap spacings and small switch insulators also have much 
flatter voltage-time curves than the longer gaps and insulators. We 
feel that this is probably due to electrode surfaces being relatively 
larger compared to the shorter air paths, thereby introducing most 
uniform electrostatic fields and approaching the flat time-lag char- 
acteristics of sphere gaps. 

The information which Mr. Gross gives us regarding the greatly 
improved performance of his 33-kv line is very gratifying as it proves 
the value of laboratory tests in predicting the advantages, or dis- 
advantages, of certain contemplated structure changes. 

Mr. Earle goes into an analysis of the moisture factor in wood 
and its effect upon the electrical breakdown. We concur with his 
thoughts, although we want to emphasize that the distribution of 
the moisture has probably as much or more to do with the break- 
down voltage as the total amount of moisture itself. In other words, 
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we feel that the location of moisture areas both across the grain and 
along the axis are an appreciable factor in concentrating stress at 
certain points and thereby reducing the ultimate strength of the 
member as a unit. It is probably this factor that would make cer- 
tain woods behave differently from others, even though they all 
have the same total moisture content. 

Mr. Hagenguth supplements our paper with some very interesting 
thoughts and laboratory data. He compares the results of the 
Dowell-Foust paper with our results and in some cases notes agree- 
ment. He questions the straight-line curves of our figure 7 which 
conflict with their figure 30 and suggests that wood flashover is a 
creepage phenomenon. Although only a few individual pole speci- 
mens were tested, an appreciable number of wood lengths were 
flashed over from one to ten feet so that we believe that our data 
of figure 7 are fairly reliable, in so far as the specimens tested are con- 
cerned. We feel that these specimens were rather dry and typical 
of those poles to be encountered in service so that the values from 
the curves could be used rather freely for estimating purposes. We 
question the existence of much creepage phenomenon, particularly 
in impulse flashover where, at the short times involved, there is little 
chance for much creepage. We note a statement at the bottom of 
the above figure 30 stating: ‘‘Whether the wood is dry or wet, 
soaked in salt water or creosoted, makes little difference.’’ With 
this our results disagree considerably. The lower ratio Mr. Hagen- 
guth obtains with our values obviously results because of the higher 
flashover values we measured for wood alone. His results showing 
no change in air gap above ground checks similar tests made by us 
after the paper was written. 

The disagreement Mr. Hagenguth finds between the crossarm data 
of figures 4 and 5 and the pole data of figure 7 is something which we 
noted during the tests. In other words, the cross-section phenome- 
non of figure 5 applies only to crossarms. Equivalent section areas 
of poles gave higher breakdown values, particularly with fairly dry 
poles. We felt that this was due to the unbroken grain structures 
of the complete poles wherein the discharges were kept along the 
outside surfaces, whereas the crossarms were cut from inner whole 
sections and add no continuous outer shells. 

The additional wet tests made by Mr. Hagenguth to supplement 
the few which we made are most worthwhile. The ‘“‘coincidence”’ 
he mentions in regard to the equality of the wet and dry flashover of 
the insulator alone, we feel to be a reality. On wet impulse flash- 
overs of porcelain insulators we have usually found the voltage 
values to be about the same as the dry values. 


A New Correlation 
of Sphere-Gap Data 


Discussion and author's closure of a paper by D. W. Ver Planck pub- 
lished on pages 45-9 of this volume (January section) and presented 
for oral discussion at the instruments and measurements session of the 
winter convention, New York, N. Y., January 26, 1938. 


P. H. McAuley (Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): A simple and logical correlation of 
sphere gap sparkover data has been presented. It is particularly 
interesting to note that it brings out some of the discrepancies 
which we felt existed in the new AIEE values. The latter are 
averaged from tests made in different laboratories. Our values for 
the 50-centimeter sphere gap, for instance, are higher than the AIEE 
averages for the higher values of S/D. Table I, which includes some 
unpublished data, shows this condition. Similarly, our experimental 
curves show a value of 83 kv for positive-wave sparkover of the 6.25 
centimeter gap at 3.125 centimeters spacing. 

The practice of averaging test data by empirical methods is well 
justified in the case of the sphere gap. The original data were ob- 
tained in several different laboratories. The gaps were made of dif- 
ferent metals and no doubt had different surface conditions. Mount- 
ing arrangements varied considerably. Clearances were different 
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Table I. Average Sparkover Voltages for 50 Centimeter Spheres; 
Westinghouse Data Compared to AIEE Values 
ere ape ee, ee ee ee 
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S = spacing; D = diameter. 


even for separate tests on the same gap in one laboratory. Con- 
siderably more data were available on the 25- and 50-centimeter 
sphere gaps than on the other sizes. For these reasons, our data 
were correlated according to average gradient curves for given ratios. 
of S/D. The present author has extended this process with gratify- 
ing results. 


F. J. Vogel (Westinghouse Electric and Manufacturing Company, 
Sharon, Pa.): The engineer responsible for the design of high- 
voltage apparatus has long used logarithmic paper for plotting experi- 
mental data and design information. This has been true for many 
years and may be found amongst the writings of engineers associated. 
with several companies. A reference to this fact is given in the 
paper ‘‘Factors Influencing The Insulation Coordination Of Trans- 
formers, Part II” by P. L. Bellaschi and F. J. Vogel, ELECTRICAL 
ENGINEERING, volume 53, June 1934, pages 870-6. This fact does 
not detract from Mr. Ver Planck’s excellent paper since design engi- 
neers have not seen fit to call attention to the relationships existing 
between parts of similar shape. 

In figure 1 of Mr. Ver Planck’s paper, sphere-gap data are pre- 
sented using ratios of spacing to sphere diameter as parameters. 
These data are plotted in figure 1 of this discussion, using given spac- 
ings as parameters. Fora given spacing, it is seen that, as the sphere 
diameter is increased, the breakdown voltage becomes constant and 
presumably approaches that for plain surfaces. Values given in 
figure 1 of this discussion, for ratios of spacing of sphere diameter of 
0.1, by changing the scale as shown, become breakdown values for 
plain surfaces. For comparison, points taken from Mr. Schumann’s 
book on page 27 are shown. Schumann’s values appear to vary as 
the 0.92 power of the spacing even down to very short distances. 
The use of the 0.88 power in figure 3 of Mr. Ver Planck’s paper does 
not seem to be justified and perhaps points out an error in the sphere 
gap data for these distances. 

Figure 2 of this discussion shows data established for design pur- 
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poses some years ago for the dielectric strength of rods and large- 
diameter parts. These data were obtained using sphere gap calibra- 
tions as standards of measurement but using spheres large enough to 
keep the ratio of spacing to sphere diameter one-half or less. The 
present calibration is not greatly different from the old one for these 
ratios, and the data are still sufficiently accurate for design purposes. 
It is to be noted that these data are plotted in the same manner as 
that used by Mr. Ver Planck. It is also of interest that these curves 
result in lower voltages than would be obtained by using the formulae 
derived by Mr. F. W. Peek, Jr., in his book ‘‘Dielectric Phenomena 
in High Voltage Engineering.” 

The use of curves, similar to figures 1 and 2, for design purposes, is 
desirable since they avoid calculation, give the design engineer a pic- 
ture of the general relationships which exist, and permit the engineer 
to obtain his results quickly. When these two curves are used to 
help the engineer in forming judgment as to the clearances required 
for a given arrangement of parts, it is felt that figure 1 uses a better 
choice of co-ordinates, since the band showing the data is wider. 


P. L. Bellaschi (Westinghouse Electric and Manufacturing Com- 
pany, Sharon, Pa.): Professor Ver Planck has presented an inter- 
esting paper on the sphere gap by plotting the new standard sphere- 
gap data on logarithmic graph paper and applying the principle of 
similarity for electrical discharges. It should be stated that the 
new standard sphere-gap calibrations have been well correlated in 
the first place, otherwise the good agreement in tables II and III 
would hardly have been expected. 

In practice a number of factors affect the sparkover of the sphere 
gap and rules in its use are accordingly specified to minimize these ef- 
fects within a permissible limit. In view of this, the agreement of 
the calculated values with the standard data is amply close to es- 
tablish with assurance the various relationships indicated. Among 
these relationships the factor of relative air density and the probable 
corresponding corrections are worthy of attention. 

Correlation of data naturally will bring to light major discrepan- 
cies. For example, in figure 3, the circled point near the 16-kv value, 
through which the dashed line is drawn, appears out of place. Asa 
matter of fact, this is an extrapolated data point. In the final revi- 
sion of the new sphere gap standards the few remaining extrapolated 
data points were subject to close scrutiny. As the result of tests in 
the various laboratories, the actual data value was established as be- 
ing 17 kv, thus the dashed curve in figure 3 lines up quite well with 
the Schumann values. 

The correlation of data in high-voltage technique and engineering 
is not only desirable but even essential. The author makes the state- 
ment that the similarity principle for electrical discharges seems not 
to have been fully appreciated by engineers in this country. This 
statement appears hardly warranted, for as a matter of fact, the re- 
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lationship indicated in the paper for the sphere gaps as well as similar 
relationships for toroidal and cylindrical electrode arrangements 
have long been known to obey the principle of similarity for electrical 
design. These relationships have been put to useful application for a 
number of years by electrical engineers in the design of high-voltage 
apparatus. 


D. W. Ver Planck: As pointed out by Mr. Bellaschi the consistently 
close agreement shown in tables II and III would have been un- 
likely if the data had not already been well correlated. In fact this 
independent check of the regularity of the data is evidence of the 
excellent work done by the subcommittee who prepared the new 
sphere gap calibrations. 

Two of the three data which were found to be conspicuously out of 


line have since been revised in a subcommittee report dated Decem- 


ber 1937, and they now conform to the new correlation. Asa result, 
the circled point in the lower left-hand corner of figure 3 moves up to 
the solid line, and the last item in the 50 column of table III becomes 
758 instead of 738. The single serious discrepancy remaining is the 
last item in the 6.25 column of table III, and if Mr. McAuley is right 
this value would become 83 instead of 81.8, which is within about 
1.3 per cent of the calculated value. 

Mr. McAuley’s suggestion that the AIEE valves for 50-centimeter 
spheres may be a little too low is supported by the calculations for 
this size being consistently higher than the data. In fact if the data 
were revised in the direction indicated by Mr. McAuley, slight 
changes in the parameters K and a could be made which would result 
in an even closer agreement between calculations and data for all the 
other sphere sizes as well. 

Mr. Vogel’s figure 1 has for its theoretical basis the alternative 
functional form, equation 2, given in the paper, although generality 
has been lost by making the horizontal coordinate D instead of D6. 
The diagonal straight lines, which are for constant values of S/D, are 
described by the empirical formula 


Vi="G(D5)= 

where 

Gaik ( =) 
D 


and K and a have the same values given in the paper. These for- 
mulas and a table of numerical values for G were included in the 
paper as first submitted but for brevity were omitted before publica- 
tion. While this form when plotted gives a greater separation of 
the lines for small values of S/D, it crowds them more when S/D is 
large. 

Figure 2 indicates a relationship closely paralleling that in the 
paper and apparently known for several years but unfortunately 
withheld from publication until now. Here again, as in Mr. Vogel’s 
figure 1 generality has been lost by not taking account of air density 
through the full use of the similarity principle. This figure would 
be enhanced in value if it were shown that the parameters of the 
straight lines for constant values of D/R conformed to an orderly 
relationship analogous to that given in figure 2 of the paper. 

Mr. Vogel’s figure 1 shows a considerable difference between Schu- 
mann’s curve for a uniform field and the diagonal straight line for 
S/D = 0.1. Actually Schumann’s data and the most recent revi- 
sion of the AIEE data for S/D < 0.2 determine a single smooth 
curve. A reduction of Schumann’s tabulated data to effective sine 
wave values gives points which lie from one to four per cent below 
those in the figure. If the discrepancy is not due entirely to an error 
in plotting it might be partly explained by a failure to take account 
of the fact that Schumann’s data are for 20 degrees centigrade while 
those of the AIEE are for 25 degrees centigrade. Correction of 
Schumann’s data to 25 degrees centigrade would shift the curve sz 
per cent to the right since 5 = 1.017 for 20 degrees centigrade. 

The use of the exponent 0.88 in equation 4 has been questioned. 
As stated in the paper the true curve for uniform field and small 
spacings is not linear when plotted to logarithmic scales, although 
the curvature issmall. Figure 3 shows this curvature and that equa- 
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tion 4 gives a good fit for the range below (55) = 2.0. For the range 
above (55) = 2.0 and up to at least 20 the line determined by the 
parameters in table I for S/D = 0.1 is in close agreement with the 
data as can be seen in figure 3 and the first line of table II. The ex- 
ponent 0.92 suggested by Mr. Vogel will be found to give good agree- 
ment in the intermediate range 0.8 < (.S6) < 7.0 if used with the coef- 
ficient 31.2. 

Although it is much the best for the entire sphere-gap range above 
(56) = 2.0, the power function type of formula, equation 3, is not as 
good for uniform field and small spacing as the formula 


V = A(S5) + B(S8)/? 


a type probably first used by Peek. The author has found that with 
A = 244 and B = 6.8 it agrees with Schumann’s curve over the en- 
tire range 0.2 < (.S5) < 9.0 to within about 1.0 per cent. 


A New 
A-C Network Analyzer 


Discussion and authors’ closure of a paper by H. P. Kuehni and R. G. 
Lorraine published on pages 67-73 of this volume (February section) 
and presented for oral discussion at the instruments and measurements 
session of the winter convention, New York, N. Y., January 26, 1938. 


W. W. Parker (Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): 1. The paper which has just been 
presented is very timely because of the growing appreciation of the 
economies and advantages which accrue from the use of such facili- 
ties. As distribution systems become more and. more complex the 
solution of their growing problems naturally becomes more difficult. 
Also the time required for analytical solutions increases beyond all 
reason unless improved methods are available. So it is that the 
members of the Institute should find this subject of live interest. 

2. Several a-c calculating boards have been built for various com- 
panies for their private use and the investment made by these com- 
panies has been adequately justified from the excellent results which 
they have obtained. Along this line the Electrical World article of 
November 23, 1935, by Mr. T. G. LeClair, will probably be of in- 
terest. (Several slides were shown showing the a-c network calcula- 
tor in Chicago, one in New York, one at East Pittsburgh and a new 
one just installed in Chattanooga, Tenn. This new one is shown in 
figure 1 of this discussion and employs a 100-volt one-ampere 
power level which is most convenient touse. This is the very latest 
in a-c calculating-board design. ) 

3. It seems that the best contribution that can be made to this 
discussion and one which will be of interest to the majority will be a 
brief outline of experience with one of these calculators. In the past 
eight years approximately 200 studies have been made embracing 
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most of the systems in this country, as well as some from India, 
Mexico, and Canada. These can be roughly classified as follows: 


50 per cent—Voltage-regulation and load-control studies to deter- 
mine: 

(a). The effect of new lines or synchronous condensers to improve voltage 
conditions. 


(b). Transformer application both as to size and type, i.e., whether quadrature 
or in phase tap-changing equipment is desired. 


(c). Choice of system voltage for new installations. 


30 per cent—Stability studies both static and transient for deter- 
mining: 

(a). Power limits of lines or portions of network. 

(b). Effect of increased machine inertia. 

(c). Effect of high-speed excitation. 

(d). Effect of high-speed fault clearing. 

(e). Effect of circuit layout. 

(f). Effect of auxiliary equipment such as reactors, neutral resistors, etc. 

(g). Effect of connections of ‘“‘topping turbines’’ to system. 


(h). Effect of high-speed reclosing. 


In fact, it is very doubtful if the many applications of 30-cycle re- 
closures on 110-kv systems would have been made if it had not been 
for the possibility of adequately predetermining just what would 
happen with an alternating current network calculator. 


15 per cent—Short-circuit studies for determining: 


(a). Breaker application. 


(b). Relay application. 


5 per cent—Miscellaneous studies including secondary-distribution- 
network studies, theoretical and special design problems. 


4. The above classification does not include the voltage-recovery 
studies which are covered in a paper presented at this convention by 
Messrs. Evans and Monteith, entitled ‘‘Recovery Voltage Charac- 
teristics of Typical Transmission Systems and Relation to Protector- 
Tube Application.”’ 


5. These studies have resulted in system economies by obtaining 
(1) the most effective use of existing facilities, (2) the deferring of 
capital expenditures, and (3) the determination of the type and loca- 
tion of new equipment. 


6. Summarizing, the use of the a-c calculating board or network 
calculator is being more and more appreciated by planning engi- 
neers, system operators, utility managements and even, at least in 
one instance by a public utility commission. 


R. C. R. Schulze (Public Service Electric and Gas Company, Newark, 
N. J.): There are several points which have not been mentioned 
yet in the discussion. The principal one I have in mind is the ease 
of operation of this new G.E. analyzer. There are several features 
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that make operation easier, One is the fact that loads can be set 
up as resistance and inductive reactance in parallel—so that watts 
and vars can be adjusted separately. Anyone who has tried to 
adjust a load with resistance and reactance in series will appreciate 
the convenience of the parallel connection. 

Another factor is the arrangement of jacks and plugs. By making 
all connections in one (or two) places, the time involved in setting up 
a network is reduced, it is easier to see just what has been set up, and 
there is less chance of an error in the connections. We have had ten 
years of very satisfactory experience on our d-c table with this 
method of making connections. 

The metering scheme is quite flexible, and permits reading almost 
anything desired. The ability to read watts and vars directly saves 
a large amount of slide-rule work. This not only saves a large 
amount of time in the analysis of the data, but it also saves time when 
adjusting the loads and generator units when making an analyzer 
setup. 

Aside from the technical features of the master meters, the use of 
light-beam instruments is a distinct help to the analyzer operator. 
There is a reduction in eye-strain, since it is unnecessary to lean over 
a meter and squint at the pointer and its reflection with one eye. 
With the light-beam instrument the reading is essentially the same 
from any angle, so both eyes can be used. Also, it is possible to read 
these meters from anywhere in the room, not to the last tenth of a 
division, of course—but with a fair degree of accuracy. This means 
that one man can both adjust a load impedance and read the meter 
from that position, so that it is possible for one man to set up and ad- 
just a network. Of course a second and even a third man would be 
useful, but the point is that this analyzer can be operated conven- 
iently by one man. 

I might add that our experience agrees with that mentioned by 
several of the previous discussers, in that it is possible to obtain re- 
sults on a calculating table in much less time and with better as- 
surance of accuracy than can be done by slide rule. This has been 
demonstrated on several occasions. 

Our experience with our d-c calculating table, and with the re- 
sults obtained on several visits to an a-c calculating table, has been 
_ very satisfactory. This experience, plus the complexity of the prob- 
lems in system layout and operation, has led our executives to pur- 
chase the first step of an a-c network analyzer of the type described 
here. 

Mr. Kuehni mentioned the types of problems which are usually 
solved on the a-c analyzer. A telephone friend of mine inquired 
about the possibility of studying the inductive coupling between a 
telephone line and our power lines, and one of our engineers has al- 
ready suggested the study of transients on our analyzer. It is evi- 
dent that we are going to have a variety of problems offered for solu- 
tion on the analyzer. 

It is our belief that this analyzer will not only be of considerable 
help in solving our technical problems, but also the savings resulting 
from its use will soon pay its cost. 


Mh eR Ag NERS REE ccm el. 


E. W. Kimbark (Polytechnic Institute of Brooklyn, Brooklyn, 
N. Y.): The network analyzer described in the paper is the third 
principal design which has appeared. The first one, located at 
Massachusetts Institute of Technology and built jointly by the 
Institute and the General Electric Company in 1929, operates on a 
frequency of 60 cycles per second with a base voltage of 200 and a 
base current of two amperes. The second design, of which several 
boards have been built by the Westinghouse Company, uses 440 
cycles and a base of about 100 volts, one ampere. The new design 
uses 480 cycles, 50 volts, 0.05 ampere. 

The decrease in base voltage and current of each successive design 
is closely related to advances in the instrument art. The MIT net- 
work analyzer originally used suspended-coil wattmeters and thermo- 
couple ammeters and voltmeters, all of which were sluggish, particu- 
larly the thermal instruments. The Westinghouse analyzers intro- 
duced dynamometer ammeters and voltmeters, one coil of which was 
inserted in the network while the other was fed from an instrument 
phase shifter. By supplying the larger part of the instrument power 
from the phase shifter, faster instruments were obtained without in- 
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creasing the burden on the network. In the new analyzer described 
in the paper a great reduction in instrument burden without sacrifice 
of speed or accuracy has been effected by the development of suitable 
amplifiers. 

I have had the opportunity of operating both the MIT network 
analyzer and the new General Electric analyzer and can testify to 
the improved ‘‘usability” (as the authors term it) of the new design. 
The elimination of calibration tables and plugging diagrams, the 
centrally located switches eliminating the need for an operator to 
move the instrument plugs, the fast easily read light-beam instru- 
ments, the fact that all three instruments indicate simultaneously, 
the good voltage regulation of the generator units and their independ- 
ent continuous phase and magnitude adjustments, all contribute to 
this usability. Messrs. Kuehni, Lorraine, Thompson, and Slinger are 
to be congratulated on their excellent design of this new network 
analyzer. 

A frequency in the neighborhood of 500 cycles per second has been 
chosen by two different groups of network analyzer designers and 
therefore seems to be well established. This frequency permits the 
use of smaller reactors and capacitors than those required at 60 cycles 
with the same voltage and current base. The use of a much higher 
frequency would increase the difficulty of limiting undesired electro- 
magnetic and electrostatic coupling between network elements to a 
negligible value. 

For experimental work the use of 60 cycles and of the higher volt- 
age and current base has proven very desirable at MIT, as it permits 
various transformers, rotating machines, and instruments which are 
not part of the regular equipment of the network analyzer to be 
pressed into service. 

A fair number of studies made on network analyzers have been con- 
cerned with transformers for controlling power flow in a loop by 
means of phase shift, and, although the required results have always 
been obtained from the analyzers, there has been no really satisfac- 
tory and convenient means of representing on the analyzer the phase- 
shifting transformers of the power system. 

A very interesting and ingenious form of network analyzer (de- 
scribed in British patent specification No. 476,164) has been invented 
by Charles L. Blackburn, and put into service for the firm of Merz 
and McLellan in London. In the Blackburn network calculator an 
impedance unit (representing resistance and reactance) consists of 
two three-winding transformers with ratios controlled by tap switches 
and serving to connect magnetically four electrically independent 
circuits, the voltages of which represent respectively in-phase volt- 
age, quadrature voltage, in-phase current, and quadrature current of 
the represented network. Such an impedance unit is furnished with 
four six-pole sockets, and the various units are interconnected by 
six-conductor flexible cords and plugs. This.seems very complicated 
compared with the conventional form of network analyzer. How- 
ever, the Blackburn calculator affords a ready representation of the 
following, all of which are obtained with difficulty on the conven- 
tional analyzers: (1) negative resistance, (2) transformer of complex 
ratio one to a for representing simultaneous faults, etc., (3) trans- 
former with phase-angle control. 

A large portion of the studies made on network analyzers are con- 
cerned with transient stability. In these studies generator swing 
curves are obtained step-by-step. The network analyzers have fa- 
cilitated what was formerly the most laborious part of the process, the 
determination of the outputs of the several synchronous machines 
for given angular positions of their rotors. The other parts of the 
process, especially the computation of the changes of angular position 
of the generators in a small time interval, although relatively simple, 
are now the ‘‘bottle neck” of the procedure, keeping as many as four 
to six men occupied in contrast to one man operating the network ana- 
lyzer itself. I venture the prediction that in the future generator 
swing curves will be drawn automatically on an output table, one 
pencil for each generator. This will be accomplished by an intercon- 
nection of a network analyzer and a differential analyzer, two inte- 
grators of the latter being used to solve the equation of motion of 
each generator. The electrical output of each generator unit will 
control through a watt relay and servo-mechanism the displacement 
of the first integrator. The output of the second integrator will ro- 
tate the phase-angle dial of the generator unit and also actuate a pen- 
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cil. Such an arrangement would greatly speed up a stability study. 
One necessary feature of this arrangement, a generator unit having 
good voltage regulation, has already been developed by the authors 


of the paper. 


H. L. Hazen (Massachusetts Institute of Technology, Cambridge): 
As a preliminary comment I wish to say that the paper by Messrs. 
Kuehni and Lorraine describes a fine piece of engineering equipment 
that has resulted from excellent engineering design. It should aid 
materially in developing the growing appreeiation on the part of 
power-system engineers of the great power of an a-c network ana- 
lyzer for the study of power-system operation. When these engi- 
neers have once experienced the facility with which they can study 
the operation of their system in miniature, they usually become 
enthusiastic about this method of study. 

In this discussion I wish to review the development of such a-c net- 
work analyzers by stating in broad terms the nature of the essential 
design limitations in such devices, and to sketch briefly their develop- 
ment as determined by these limitations. 

After the development of the technique of power-system represen- 
tation by static apparatus (reference 6 of the paper) had been made, 
the design of a device which would be effectively applicable to actual 
commercial problems was found to be restricted by two primary 
limitations. The first and most important is that imposed by instru- 
mentation. The second, less fundamental but a rather troublesome 
detail for the designer, is imposed by the difficulty of proportioning 
the units—particular y the inductive-reactance units—to properly 
represent their prototypes. 

The effect of the instrument limitation is clearly shown by a con- 
sideration of the three principal designs of network analyzers to date; 
namely, the jointly designed and constructed MIT-General Electric 
Company analyzer erected at MIT, the Westinghouse design, and 
the General Electric design reported in the present paper. 

In the analyzer at MIT the design with the metering originally 
provided was developed around the minimum burden for which a-c 
instruments of good accuracy could be built at the time of its develop- 
ment. These burdens were of the order of 1.5 to three milliamperes 
for potential elements, and roughly 0.1 volt for current elements. 
The criterion was adopted that an instrument potential element 
should not impose a burden, in comparison with a five per cent sys- 
tem load, of more than one or two per cent, and that an instrument 
current element similarly should not increase the impedance of a 
series element having a five per cent drop by more than about one 
percent. This indicated current and voltage bases for the device of 
about two amperes and 200 volts, respectively, Assuming the an- 
alyzer to be in operation with ten generating stations each capable of 
300 per cent of base output, the power requirement for the board is 
in excess of 12 kva, single phase, which evidently requires a sizable 
main supply generator in order to maintain reasonable voltage bal- 
ance on the primary side of the phase-shifting transformers repre- 
senting the generators. This indicated the use of 60 cycles because 
of the cost of substituting a higher-frequency generator for the 75- 
kva, 60-cycle, sine-wave generator already available in the labora- 
tory. The limits of error set for this first design were one per cent 
for all units and somewhat lower limits for most of the instruments. 
These tolerances have been found, in the light of subsequent experi- 
ence, to be unduly severe—a fact which has enabled the subsequent 
designs to be made somewhat more convenient in operation. The 
original metering equipment in this design was rather show—a con- 
dition that, as mentioned below, has been entirely corrected with re- 
cent modernization of the metering equipment of this original an- 
alyzer. 

While this MIT-General Electric design was in progress the West- 
inghouse Company started on a somewhat different attack. They 
reduced the instrument burden by using dynamometer-type instru- 
ments and exciting one winding from an independent source that 
could furnish any desirable amount of power. This resulted in a 
sufficiently low burden for the other coil of the dynamometer instru- 
ment to permit its direct insertion in a network whose nominal cur- 
rent and voltage are somewhat less than those of the first-mentioned 
design. These instruments have a fast response. Two such instru- 
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ments were used—one as a voltmeter with a low current requirement, 
and one as an ammeter with a low potential drop. This design uses a 
frequency of 440 cycles, which reduces the weight of the reactor units 
which are necessary to obtain appropriate reactance-to-resistance 
ratios, and also makes practicable reactor units with decade steps. 
This design of board has proved very useful. With the separately 
excited type of instrument the accuracy of readings is directly de- 
pendent upon the accuracy of setting of this excitation, both in mag- 
nitude and phase, and careful operation is therefore required to get — 
good results. Nevertheless the effectiveness of this design is indi- 
cated by the fact that a number of such boards are in successful 
operation. 

In the third design—that described in the paper under discussion— 
a quite different instrument technique has been used which has re-_ 
sulted in a very marked reduction in the current base. Specifically, 
the use of precision linear amplifiers in connection with semi-standard 
instrument elements has permitted the reduction of the voltage and 
current bases to the 50 volts and 50 milliamperes mentioned in the 
paper. This use of small base quantities, together with the use of 480 
cycles, has resulted in relatively light, small units, decade steps for 
inductance units, and fast direct-reading instruments. This design 
also has the additional advantage of a low base current; namely, that 
the resistance of the long leads required for central plugging can be 
tolerated. Thus it appears that this third design has succeeded 
in realizing most of the features sought in an alternating-current net- 
work analyzer. This new analyzer is about as simple to set up and 
operate as is possible in such a device, remembering that the prob- 
lems to be studied are inherently complicated in the sense of involv- 
ing huge quantities of detailed numerical data. 

It may be mentioned, however, that this new development—signifi- 
cant as 1t is—has not rendered earlier devices obsolete. The new 
metering techniques are just as applicable to a board such as the 
60-cycle analyzer at MIT. In fact new, fast, direct-reading instru- 
ments have been incorporated into this analyzer which are described 
in a paper in preparation for publication. The new instruments, in- 
cluding a semi-standard portable wattmeter using a linear, degenera- 
tive feedback amplifier in the potential circuit, have been demon- 
strated to be sufficiently fast so that the speed at which readings can 
be made on this analyzer is determined not by the time which is re- 
quired for the instruments to furnish indications, but by the rate at 
which the data can be reliably recorded. Thus the rate at which 
results are obtained is substantially the rate at which an engineer can 
record the readings obtained. This older analyzer requires some- 
what more man power (estimated at one assistant operator) because 
the low-impedance base of this device requires interconnecting the 
units, and plugging for the current measurements, at the units them- 
selves rather than at a central point. Another way in which this 
older analyzer has required somewhat more time is in the use of cali- 
bration charts for the reactance units—a method adopted at the time 
of the construction of this analyzer when smaller tolerances were pre- 
scribed than have proved necessary for the usual system studies. 
Now a much faster and simpler scheme of determining reactor unit 
settings is used in which an extreme mis-setting of a unit may amount 
to about three per cent as against about one per cent for the more ac- 
curate procedure. This considerably reduces the total time required 
for setting up a system on this analyzer. With the new metering 
equipment which has been in continuous service for some months, 
and the shorter set-up time involved by using the less precise calibra- 
tion, the unit at MIT can deliver results very rapidly and, in the 
hands of good operators, remarkably reliable data are secured in very 
reasonable lengths of time not greatly in excess of that required on 
the newer devices. 

In the experience obtained over a period of years in the use of this 
analyzer, both by students of electrical engineering and by the engi- 
neers of commercial companies, it has been found that skilled oper- 
ators add greatly to its effectiveness. This is particularly true in the - 
case of the use of the board by commercial-company engineers who, 
although thoroughly familiar with the characteristics and peculiar- 
ities of their systems, often do not visualize the way that the system 
conditions in which they are interested can be most easily repre- 
sented in miniature, or how the information they wish to secure from 
the analyzer can be most readily obtained. It has been found that 
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the present complement of a skilled operator and an assistant, to- 
gether with two company engineers—one to direct the study as a 
hole, and the other to record data—make a very effective crew. 
Che directing engineer states what he wants, and the operator de- 
termines the manner of obtaining the desired results. With such a 
group it is found that work progresses easily and rapidly, and that 
the mistakes occasionally made are caught before an appreciable loss 
of time is involved. 

_ Summarizing, I wish to say again that the new development de- 
scribed by Messrs. Kuehni and Lorraine represents the excellent re- 
sult of first-class engineering design which marks a distinct step for- 
ward in the facilities available for studying power-system networks. 
At the same time, older equipment in which advantage has been 
taken of newer metering ideas is still very serviceable and competes 
with the newer equipment on fully equal terms as to accuracy, and 
on nearly equal terms as to time required. 


L. A. Nettleton (Consolidated Edison Company of New York, Inc., 
New York, N. Y.): Mr. G. C. Crossman, of the Consolidated 
Edison Company, and I recently had the privilege of using the 
G.E. network analyzer in connection with some studies of the 
New York Consolidated Edison system. We found the network 
analyzer to be simple to set up and operate. The per cent basis for 
marking the line and load units and instrument scales proved to be 
convenient since our impedance values which had previously been 
established on a 100,000-kva base could be transferred directly to 
the analyzer units with no additional conversion, so that per cent 
watts and vars read directly as megawatts or megavolt-amperes. 

In taking readings, the light beams swing across the instrument 
scales and become stationary almost instantaneously upon closing 
the circuit key. After turning the scale-selector switch to give the 
best scale reading, the voltage, current, and watts are read and the 
wattmeter switch thrown to read vars. One operator could read all 
four quantities on successive circuits as fast as they could be recorded. 
We expected some confusion to result from the large number of scale 
multipliers but in practice there was no trouble. The voltage multi- 
plier was unity in practically every case and only the current multi- 
plier, which applied also to watts and vars, was recorded with the 
readings. 

The 100- or 150-scale division instruments can be read to about 
one-fifth of a scale division and the phase-angle dials can be set or 
read to about one-fifth of a degree. In comparing the readings of six 
or more circuits tied to a common point it was found that the total 
watts entering that point invariably checked to within one per cent 
of the total watts leaving the point. 

The generator units proved to have very flat regulation, requiring 
only slight readjustment when loading conditions were altered. In 
short-circuit studies it was found convenient to throw the supply 
voltage switch to one-half or one-quarter normal voltage temporarily 
in order to check the short circuit current and insure that no circuits 
would be overloaded on normal voltage. 

The instrument system worked perfectly during the two weeks of 
the study. There is no danger of overloading the ammeter since an 
off-scale deflection automatically short-circuits the ammeter shunt. 

It is sometimes desirable to close two or more circuit keys at the 
same time to meter the combined circuits. However, it occasionally 
happens that two keys are inadvertently closed at the same time, 
joining together two circuits which may be at different potentials. 
Sometimes this causes a generator fuse to blow, resulting in a few 
minutes delay to locate and replace the blown fuse. As this condi- 
tion may not be discovered immediately and as it is not always easy 
to determine visually whether or not a fuse is blown, it might be de- 
sirable to provide some means for indicating the presence of a blown 
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fuse. 
In our studies it was sometimes necessary to consider the effect 


of load-regulating transformers, controlling both voltage and phase 
angle on parallel feeders. The voltage control feature presents no 
difficulties since the analyzer is provided with auto transformers 
which can be connected in the circuit at the appropriate location and 
adjusted to the desired voltage ratio. However, where there is a 
difference in the desired phase angle on parallel feeders the problem 
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is not so easy when the system is set up on a “one line” or single- 
phase basis. There are several methods of obtaining this difference 
in angle on one of the feeders, but all require considerable adjustment 
before a balance is obtained. In our case the required displacement 
was obtained by one generating unit in series with the circuit and the 
watts or vars supplied to or taken from the circuit by this unit were 
neutralized by another generating unit together with a series sta- 
bilizing reactance connected in shunt with the circuit. For each 
change in loading conditions these two generators were adjusted in 
voltage and phase angle until the desired displacement angle was ob- 
tained, and until the volts, watts, and vars read the same on each side 
of that point. 

Since these methods require considerable juggling, it would be a 
great convenience in problems involving such load regulating equip- 
ment if devices were available that would introduce the desired phase 
angle in a circuit and maintain that phase angle difference regardless 
of voltage or loading. 


G. C. Crossman (Consolidated Edison Company of New York, Inc., 
New York, N. Y.): The increasing size and flexibility of modern 
power systems has created problems which can no longer be solved 
quickly and easily by analytical or even d-c calculating-board meth- 
ods but which require for such solution some sort of a-c calculating 
device, such as the network analyzer described by Mr. Lorraine and 
Mr. Kuehni. Continued system growth of many large power com- 
panies tends to increase the number of these problems to the point 
where it becomes desirable for these companies to own and operate 
such a calculating device themselves rather than rent existing ones. 
It would seem that the very small currents and high frequency em- 
ployed in this network analyzer would present rather difficult main- 
tenance problems to such a power company. While most of the 
testing and maintenance of the line, load, and generator units of the 
analyzer could probably be handled by the average test department, 
it would seem likely that the testing and adjustment of the amplifiers 
and master instruments would require rather special instruments 
and special training not ordinarily available in such test depart- 
ments. It was not brought out in the paper whether the trimmer 
capacitors on the potential shunt are adjusted once and for all at the 
factory or whether they might require subsequent adjustment; such 
adjustments would seem to require rather sensitive and special in- 
struments. 

It would be interesting to know what instruments and general 
methods the authors have used or plan to use for the maintenance of 
their analyzer. 


R. N. Slinger (General Electric Company, Schenectady, N. Y.): 
In their paper entitled ‘‘A New A-C Network Analyzer,’’ Messrs. 
Kuehni and Lorraine have given an excellent description of this 
new device. As one of those who have had occasion to use the 
analyzer extensively since it was placed in operation, I have been 
impressed more and more as tite goes on by the many ways in 
which the device can help engineers solve their problems and it would 
seem that a few remarks on this subject might be appropriate. 

Any power company engineer who has been faced with the neces- 
sity of obtaining answers to any of the following problems, and par- 
ticularly when on an emergency basis, will immediately recognize how 
helpful it would have been to him to have an analyzer available for 
his use. A list of some of these typical types of problems for which 
the network analyzer is especially adapted might include the follow- 
ing: 

1. Effect of various amounts of synchronous condenser capacity on bus voltages 
at important stations under both normal and emergency operating conditions. 
2. Determination of best location for new generation. 


3. Determination of best arrangement of station or system connections for 
new generation in order to obtain the maximum degree of system stability and 
investigation of the effect on breaker interrupting duty. 


4. Determination of the actual value of a proposed addition toa transmission 
or distribution system in terms of improved voltage conditions, increased 
stability limits, or reduction in the loading of existing circuits. 


5. Determination of wattless flow around a system and selection of methods 
for reducing it to a minimum. 
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6. Determination of bank ratings in the case of a new transformer bank that 
is to be connected in a loop circuit or a network or the determination of the 
ratings of individual windings of a three winding unit for use in a loop circuit 
or network. 


7, Determination of improvement in system voltage conditions to be expected 
from the addition of a voltage regulating transformer or a phase shifting trans- 
former to a loop circuit or a network. 


8. Determination of the time required for a synchronous generator to pull 
out of step after complete loss of excitation and the effect upon the rest of the 


system. 


9. Investigation of the starting and pull-in characteristics of large synchronous 
motors connected to a transmission system at some distance trom the nearest 
generating station. 


10. Determination of relay currents under three-phase and unbalanced fault 
conditions, particularly on tie lines during transient disturbances. 


All of these problems can be and are studied in part by tedious 
long-hand calculation methods, but the excessive amount of time and 
labor involved usually places a serious limitation upon the number of 
operating conditions that it is feasible to consider. When such prob- 
lems are solved with the aid of an a-c network analyzer, it is possible 
to investigate many different operating conditions in a surprisingly 
short space of time. Asa result, studies made in this manner can 
be and usually are much more comprehensive in nature, covering 
not only normal system connections and the variations that may be 
under consideration but also the emergency conditions which un- 
fortunately seem to get overlooked in the average long-hand study 
until after these contingencies arise. 

Perhaps it should also be pointed out that once a system network 
is set up on an analyzer, such as the one described by Messrs. Kuehni 
and Lorraine, it is possible to make several different types of studies 
on the system with practically no change required in the connections 
except to represent changes in the original conditions. Thus a 
power-flow study may be made on a system in order to determine 
circuit loadings, bus voltages, condenser capacity requirements, etc., 
followed by an investigation of breaker interrupting duties under 
short-circuit conditions. This may in turn be followed by an investi- 
gation of transient stability limits or breaker times required to main- 
tain stability with certain specified power transfers. During the 
course of the stability study, tie-line currents may be read at trouble- 
some relay locations with perhaps a more comprehensive short- 
circuit and relay study made immediately afterward. Thus the engi- 
neer responsible for system planning and design is able to obtain a 
much better appreciation than he could otherwise have, of the in- 
fluence of existing and proposed stations and equipment upon sys- 
tem bus voltages, power flow, stability limits and breaker duty, and 
he can feel considerably more certain that he has not overlooked 
something of importance that should have been taken into account. 

The analyzer which Messrs, Kuehni and Lorraine describe is 
particularly helpful in this respect since it enables the power system 
engineer using it to think in terms of system quantities with which he 
is already familiar, thereby enabling him to keep his thinking 
straight. This is made possible by calibrating the entire analyzer 
including the master instruments in per cent. Thus it is a simple 
matter to interpret the readings in terms of system quantities; for ex- 
ample, a reading of 65 per cent watts and 40 per cent vars would rep- 
resent 65,000 kw and 40,000 reactive kva, respectively, on a 100,000- 
kva base or half those amounts on a 50,000-kva base. 

This particular analyzer has been in operation only about six 
months but in that time it has been used for ten different studies by 
engineers representing 13 different power companies and industrial 
concerns. The studies have varied in length anywhere from one day 
to four consecutive weeks and have covered practically every one of 
the various types of problems previously listed, It is safe to say 
that these studies have not only solved specific problems but they 
have also done much toward giving a clearer picture of system per- 
formance to the respective groups than they have ever had before. 
Furthermore, the results of the studies in some instances were quite 
different than had been expected and occasionally brought to light 
new problems that had previously passed unnoticed. 


H. P. Kuehni and R. G. Lorraine: The authors are highly pleased 
by the reception given this paper. The discussion has been of such 
constructive character as to add materially to its value. The 
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growing importance of the analyzer as an engineering tool, particu- 
larly for utility engineers, has been stressed. It is gratifying to 
know that those who have used the analyzer described in the paper 
feel that it has the degree of accuracy and the speed, facility, and 
ease of operation that was expected. 

Professor Hazen called attention to the importance of proper in- 
strumentation in the design of an analyzer. It is interesting to learn 
that advances in measurement ideas were incorporated in the MIT 
network analyzer to greatly improve the speed of taking readings. 

Mr. Parker has presented a comprehensive statistical analysis of 
the practical types of studies made with the analyzer. Of course, 
the individual studies are not, in general, quite as clean-cut as one | 
might be led to believe from his per cent tabulation. In practice 
each study more nearly is a combination of several types, one usually 
leading to another as the occasion arises. Mr. Slinger described — 
many of the ways in which the analyzer may be of help to the engi- 
neer. ; 

Mr. Schulze has given an excellent discussion of the salient design 
features which contribute to the ease of operation of the new analyzer 
based upon his wide experience with network analyzers of different 
types. 

There are undoubtedly network studies in which it would be de- 
sirable to have available special units to represent phase-shifting 
transformers as suggested by Messrs. Kimbark and Nettleton. 
However, these cases are quite rare at present. Because of the cost 
of such units, it was decided to use generator units for this purpose, 
even though they are admittedly somewhat more awkward to oper- 
ate than phase shifting transformers might be. The integrators and 
servo-mechanisms used with generators for automatically recording 
swing curves, which Mr. Kimbark predicts will be integral parts of 
future analyzers, are at present in the same category with the phase- 
shifting transformers. These devices can be and may be incorpo- 
rated in the analyzer when there is sufficient economic justification. 

Mr. Crossman is of the opinion “that the testing and adjustment 
of amplifiers and master instruments would require rather special 
instruments and special training not ordinarily available in testing 
departments.”’ It is the authors’ belief that any one familiar with 
ordinary instrument calibration routine methods is perfectly quali- 
fied to check and adjust the instrument system by following a few 
instructions of very simple nature. With the exception of perhaps a 
small portable commercial cathode-ray oscillograph of a type which 
are so widely used today, no special instruments are required. 

All adjustments of the instrument circuits, amplifiers, potential 
divider, and current shunts are made initially. Many months of ex- 
perience has shown that with normal operation the adjustments and 
the calibration of the instrument system remain quite’ permanent 
over long periods of time. The parts which may require re-adjust- 
ments are designed to be easily accessible and are equipped, for ex- 
ample, with rheostats, trimmer capacitors, or test connection facil- 
ities. 

In view of the stable performance of the instrument system, oc- 
casional simple routine check tests should suffice to indicate that the 
instrument system isin order. For this purpose a portable voltmeter 
calibrated at 480 cycles may be used together with the measured re- 
sistance part of a circuit unit to indicate that the light-beam volt- 
meter, ammeter, and wattmeter read correctly. 

The potential divider and current shunt phase angles may be 
checked and if necessary adjusted with the aid of the analyzer mas- 
ter wattmeter, knowing that the power into an analyzer capacitor 
unit is negligibly small. 

The amplifiers have simple rheostat and capacitor adjustments for 
matching the amplifier input and output in magnitude and phase 
angle. The cathode-ray oscillograph mentioned above, connected to 
a suitably located amplifier test jack, is merely used as a sensitive 
high-impedance null instrument to adjust the output-input voltage 
differential to zero. 

In regard to maintenance of the rest of the analyzer circuits and 
units, it simply consists of checking and correcting with the analyzer 
master instruments any abnormal circuit performance. The con- 
servative design of the elements comprising the circuit units and the 
low resistance contacts and connecting leads assures that the cali- 
bration of these elements remains very stable. 
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Synopsis: The performance of a series circuit consisting of a resistor, 
a capacitor, an iron-cored inductor, and a sinusoidal impressed volt- 
age is specified by the non linear differential equation 


ay 


: dt 1 ‘ 3 
al ale ae ores air a dt = Esin (¢ + @) 


in which y is an odd function of 7. Particular solutions of this equa- 
tion, showing the effect of varying boundary conditions, are obtained 
by means of the differential analyzer. An approximate analytical 
method for determining the types of oscillations possible in this cir- 
cuit is developed. Results obtained by this method are compared 
with differential analyzer solutions. 


Introduction 


HE BEHAVIOR of circuits involving iron-cored in- 

ductors, which saturate so that their reactances can- 

not be considered constant, has been studied for 
many years. Bethenod! in 1907 and Martienssen? in 1910 
both noted that in such circuits more than one sustained 
value of current could be obtained for the same value of 
applied voltage and the same circuit parameters. The 
current obtained in a given case was found to depend on 
the way in which the phenomenon was initiated. In 
1926, Mauduit® obtained oscillograms in which the princi- 
ple component of current had a frequency which was a 
submultiple of the frequency of the applied voltage. Such 
a component of current will be referred to as a subharmonic. 
Mauduit’s circuit was studied more completely by Fallou,’ 
who suggested that such an arrangement could actually 
be used as a frequency divider. 

Pederson,® who has made a very thorough study of sub- 
harmonics in linear circuits in which the parameters vary 
periodically with time, also mentions the possibility of 
obtaining subharmonics when the inductance varies with 
the current. 

Recently, the increasing use of series capacitors to over- 
come the inductive drop in transmission systems has re- 
vived interest in subharmonic oscillations. In this case 
it is desirable to know the range of circuit parameters for 
which these subharmonic oscillations can exist, and the 
kinds of shock excitation which may initiate them, so that 
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installations. This aspect of the problem was treated in 


some detail in a recent paper by J. W. Butler and 
Charles Concordia.?® 


I. Statement of the Idealized Problem 


This paper is limited to considerations of the simplest 
known circuit which exhibits the phenomenon. This is a 
series circuit consisting of a constant resistance, a con- 
stant inductance, a constant capacitance, and an inductor 


Ideal- r 


we 
| (i) 


Figure 1. 
ized circuit 
e=E sin (t+6) 


which varies due to magnetic saturation of its core. A 
sine wave voltage of unvarying maximum value is im- 
pressed. This circuit is shown in figure 1. 

The following idealizing assumptions regarding the in- 
ductor will be made: 


1. The winding resistance and distributed capacitance are equal to 
zero. 


2. All hysteresis effects in the inductor may be neglected. Hence 
the saturation curve is a single-valued function. 


3. There are no eddy currents in the core. 


Any resistance actually present in the inductor may be 
lumped with the external resistance. Consistent with these 
assumptions the voltage across the reactor may be ex- 
pressed as: 


dy 


eth 

where wy is the flux linkages of the inductor. The flux 
linkages and the current through the inductor are related 
in the way expressed by the familiar B-H/ curve of a circuit 
containing iron. Since this relationship is an odd func- 
tion, the current may be expressed by the series 


t=ayt+ayit+t.... + Day Ave os pea (1) 


The equation of the circuit is 


teal d 
ity t fine = Bsn to (2) 


* The treatment in this paper is entirely mathematical; the symbols r, L, i 
etc., may be regarded as representing the physical quantities in any consistent 
unit system including per-unit. 
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Figure 2. Experimental saturation curve and the straight- 
line approximation used in this paper 


The problem is to determine under what conditions sus- 
tained currents of frequency lower than the impressed 
frequency can exist and to calculate the values of such 
currents. 


II. The Effect of Initial Conditions 
in Linear and Nonlinear Circuits 


The term /inear circuit will be used to describe an elec- 
trical network the performance of which may be specified 
by means of a differential equation having coefficients 
which are not functions of the dependent variable, i.e., the 
coefficients are constants or functions of time only. 

The term nonlinear circuit will be used to describe any 
circuit to which these conditions do not apply. 

Equation 2 evidently may be transformed into a differ- 
ential equation of the second order. Since y contains 7 
to powers other than the first, the equation is nonlinear. 
It can be proved by application of the Lipschitz condi- 
tion that there exists one and only one solution of this 
equation corresponding to a given set of initial conditions. 

Before considering the solution of the nonlinear equa- 
tion let us recall the nature of the solution of a similar 
linear differential equation with constant coefficients. 
Here it is well known that the solution corresponding to 
any set of initial conditions is unique. The solution con- 
sists of two parts, a complementary function and a particu- 
lar integral. In the case of a second-order equation, the 
complementary function contains two constants which 
depend upon the initial conditions whereas the particular 
integral is independent of the initial conditions. In equa- 
tions representing practical electric circuits the comple- 
mentary function dies out as time goes on, so that after 
sufficient time has elapsed the solution of the equation, 
for all practical purposes, is given by the particular integral 
alone. Therefore, in a circuit having constant parameters, 
the current which flows after a time long compared with 
the time constant of the circuit is independent of the initial 
- conditions. This current is ordinarily called the steady- 
state current. That part of the current which becomes sen- 
sibly zero after a sufficient interval of time, is called the 
transient current. The division of the total current into 
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steady-state and transient components is possible mathe- 
matically by virtue of the property peculiar to linear 
differential equations known as superposition. 

In nonlinear equations this principle of superposition 
does not hold; the solution for any value of the independ- 
ent variable, however large, will in general depend upon the 
initial conditions. Physically, this means that the current 
which flows in a nonlinear circuit a week after the switch 
was closed may depend on the phase angle of the impressed 
voltage at the instant of closing the switch. An example 
of this, in a special case where an analytical solution is 
possible, is given below. In many physical systems the. 
solution after a relatively short interval of time has elapsed 
is periodic. It is therefore possible, by extrapolating this 
periodic solution back to the instant at which the phe- 
nomenon was initated, to split the solution into two parts, 
the periodic part which may be called a steady state, plus a 
part which dies out rapidly with time and hence might 
appropriately be called a transient. 

Neither of these separate parts can be derived inde- 
pendently from the differential equation and the specified 
boundary conditions, as is possible with linear circuits. 
Furthermore, there is no reason to expect the periodic 
part to be independent of the initial conditions. This re- 
vision of the usual concept of “‘steady state’ and “‘transi- 
ent’’ is necessary if the terms are to be applied to currents 
which flow in nonlinear circuits. 


Example Showing 
the Effect of Initial Conditions 


Consider equation 2 in the special case when E = 1; 
=0; y= Ki": 
tof aoe — e+e (3) 


Now let us assume the solution 


t 6 Aj re 6 
1A cos® = = E cos + 


+ cos (t + | (4) 


where A is an undetermined coefficient. 

Substituting the value 7, from (4) in (3) and equating 
coefficients of sines and cosines of like multiples of (¢ + 9) 
the following relationships can be derived: 


3 9 
K=—A?|—-L 
4 C 


1 
4=A Fed (5) 


Now let us assume another solution: 
5 Bel 
= 1B) cost (40) = | 8 00s +0) + e053 (1 +6) | (6) 


In the same way this gives rise to the relationships: 


3 1 
eck Bie Bt) ee 
+ : E 1 


OG (7) 
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% Any set of values of the parameters L, C, and K, which 
satisfies both the relationships (5) and (7) will form an 


equation having at least two solutions of the forms (4) 
and (6). 
Such a set of values is: 


L 
P= 0.9 
ie os 

K = 17.5 


Equation 3 then becomes: 


. ai ’ diy 
| 0.1 a + 0.9 fi dt + 17.5 a sin (¢ + @) (8) 


_ The two solutions are: 
tg = [—1.39 cos (¢t + 6) + 0.462 cos 3 (t + 6)] X 1074 (9) 


é&+0 
3 


_ ty = 3.75 cos + 1.25 cos (t + 6) (10) 

That these are both solutions may be readily verified 
by substituting them in (8). They are entirely different 
in character, as one contains a term of higher frequency 
than the applied voltage, and the other a term of lower 
frequency than the applied voltage. 

If the origin of time is taken as the instant when the cur- 
rent is passing through zero, we have for (9) the boundary 
conditions: 


ips 


2 


6 ip = 0 qo = 0.000124 


The corresponding boundary conditions for (10) are: 


_ 3n 


—10.0 
2 


to = 0 go 

If the switch were closed at the instant at which the 
voltage is at a negative peak and with an initial charge 
of —10 on the capacitor, the solution is given by equation 
10. If the switch were closed at the instant at which the 
voltage is at a negative peak and with an initial charge of 
—0.000124 on the capacitor, the solution is given by equa- 
tion 9. In general, if there were any other initial charge 
on the capacitor, or if the switch were closed at any other 
instant of time, a still different solution might be expected. 


III. Physical Mechanism 
of Subharmonic Production 


The physical nature of the phenomenon of subharmonic 
production is readily visualized if we consider the behavior 
of the circuit during the first few cycles after closing the 
switch. For simplicity let resistance be neglected, and 
let the boundary conditions be those of equilibrium. Let 
the phase angle 6 be taken equal to zero. If the flux 
linkages in any constant inductor are included in y, the 


dt 
term L F does not appear, hence we have: 


t 
d 1 
tf sa= Bsn 
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from which 


—E cost - 2 fficrax 


and since for t = 0 we have y = 0 andi = 0 it follows 
that K = F, hence 


1 
v ( cos f) 7, i dl? 


The magnetization curve representing y as a function 
of 7 will be taken as shown by the solid curve in figure 2. 
The value y, is the flux linkages at the knee of the curve. 

Since the current during operation on the unsaturated 
portion of the y versus 7 characteristic is negligible, no ap- 
preciable current flows until y = y,. From the closing 


y= 


(12) 


: ; 1 
of the switch until Y = y, the integral C S Si dt is there- 


fore negligible and y is given nearly enough by y = E(1- 
cos t). The end of the interval during which this holds is 
indicated in figure 3B by T;. The value of T; is given by 


T, = cosut (E=*) 
E 


Above the saturated value y, the saturation curve may, 
to a reasonable approximation, be represented by a straight 
line. Let L* be the slope of this line and let \ be the time 
measured from the instant 7}. Then during the succeed- 
ing brief interval the differential equation 


(13) 


u 1 . : 
rH +3 fia = sina t ry) (14) 


holds, subject to the boundary conditions: 


=0 t+=0 q = 0. 


The general solution of equation 14 is: 


ee Se |e A ae 15 
C= oa 2s + A cos VLE ee (15) 


For the purpose of this illustration it will be sufficient to 
restrict the solution to the case in which the negative 
sign is taken in equation 15. This corresponds to the 


1 
physical case of bo Inserting boundary conditions in 


(15) we have 


pegs Cae re Vex 
hk ST ocr paler 003) jee 
V LC(E a vs)? + Ys (2E “P Ws) X 
N No me 
5 Ws (2E =: vs) 
——— t 1 Seda es ie A 
ey bya pied Vea = a ie 
This equation holds only until the flux linkages are re- 
duced to the value y,. At this time the current effec- 
tively stops and whatever charge has been accumulated 
on the capacitor is trapped there until the flux linkages 


again reach the value + y,. During the interval from 7} 
to the instant at which current stops flowing, the value 


1 : 
of Wis given by equation 12, in which the term Gc haseiar 


oo ee SS EEE 
* Note that L as used in this section is the sum of the saturated inductance of 
the reactor plus the external linear inductance. 
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must be evaluated by substitution of the proper function 
for i. However, after the charge is trapped on the capaci- 


tor, this term becomes ot Hence the flux linkages are 


given by the expression 


¥ = BO cos) ~ St ~ de (17) 
where yw, is the value of flux linkages corresponding to 
S Si dt® when current ceased to flow. It is evident that 
equation 17 represents an oscillatory flux linkage which has 
a negative component proportional to time. A value 
—y, will therefore be reached in a time which is short if 
Q is large and relatively long if Q is small. It is possible 
that Q may be so small that several cycles of the impressed 
frequency may have elapsed before another pulse of cur- 
rent occurs. Jt is the trapping of charge on the capacitor 
which gives rise to subharmonic oscillations in circuits of 
this type. 


IV. Summary of Available Methods of Solution 


Step-by-step methods such as that given in the preceding 
section are very laborious and give the solution only for 
the parameters and initial conditions for which they are 
carried out. Such methods, however, have the advantage 
of shedding some light on the physical nature of the phe- 
nomena which the equation describes. 

The differential analyzer furnishes a very convenient 
method of solving equation 2. While analyzer solutions 
are subject to the same limitations as those obtained by 
the step-by-step method, in that each solution is good 
only for the parameters and initial conditions for which it 
is made, the labor of carrying out a solution is not great. 
Therefore, it is possible, by carrying out a large number 
of particular solutions, to generalize to a certain extent. 
A severe limitation of this method arises from the fact that 
the analyzer insists on giving the whole solution, including 
the transient, and refuses to produce a steady state until 
the transient has died out. In circuits in which the damp- 
ing is slight, which unfortunately are those of greatest in- 
terest, this involves a considerable loss in time as well 
as a sacrifice in accuracy due to accumulated errors in runs 
of long duration. 

The various other methods which have been applied to 
nonlinear circuits, Taylor’s series expansion, isocline and 
other graphical methods, the analytical method of Kry- 
loff, etc., do not seem to be of very great value in the solu- 
tion of the present problem. 

Recursion formulas for the boundary conditions which 
may produce subharmonics are developed in the appendix. 
This method is an extension of the method used by Boy- 
ajian!’ for calculation of this circuit when the initial con- 
ditions are such as to produce no subharmonics. The 
method suffers from the fact that a considerable idealiza- 
tion of the problem is necessary in order to carry out the 
mathematical details, but has the peculiar advantage, 
not found in other analyses of the problem, of expressing 
the possible steady states in terms of the circuit parameters 
without regard to the method of initiating the phenomenon. 
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Although not applicable to all cases of subharmonic pro- 
duction, this scheme seems to be the most powerful yet 
developed in those cases where it applies. A combination 
of differential analyzer and recursion formula solutions, 
the differential analyzer to give the solution in the initial 
period and the recursion formula to give the solution after 
a considerable elapsed time, is perhaps the most revealing 
analysis possible at present. 

In figure 3, a comparison of solutions by the differential 
analyzer, step-by-step calculations, and by the recursion 
formula method given in the appendix, is shown. 

Figure 3A shows the current, applied voltage, flux link-_ 
ages, and charge on the capacitor as obtained by the differ- 
ential analyzer. In this case, the relation between y and 4 
is that shown by the solid curve in figure 2. The other 
parameters are 


E=0.7 L = 0.197 C = 4.66 


It will be noted that at time 7, all the quantities have 
substantially the same values as at the time 74. There- 
fore, from the point 7, on, the curves will be a periodic 
repetition of the portion from T, to T;. The parts of 
the curves from the start to the point 7, contained tran- 
sient portions of the solution in the sense in which the 
word is used in this paper. After point 7, the solutions 
are steady state in the sense in which the term is used here. 

The curves in figure 3B were obtained by the step-by-step 
method used in the preceding section to illustrate the 
physical nature of the phenomenon. For this calculation 
it was assumed that the resistance was negligible. The 
value of the flux linkages at the knee of the saturation 
curve was taken to be y, = 1.15. The value of inductance 
used was the sum of the external inductance and the 
slope of the saturation curve above the knee; this value 
was taken as 0.197 + 0.303 = 0.500. The three terms of 
equation 17 are shown by the dotted curves; the resultant 
flux linkages are shown by a solid curve. This method 
could be carried on indefinitely, or until at the end of some 
interval all the boundary conditions were found to be the 
same as at the end of some previous interval, in which case 
the remainder of the solution would of course be a repeti- 
tion of the part between points of indentical boundary 
conditions. 

In order to eliminate a prohibitive amount of piece-by- 
piece calculation to find repetitive boundary conditions 
(quite conceivably for certain circuits and initial conditions 
none might exist) the method worked out in the appendix 
is used for calculating the steady state. This yields the 
curves shown in figure 8C. The solution turns out to be a 
subharmonic oscillation designated in the appendix as the 
third kind. A comparison with the upper curves shows 
that the agreement with the analyzer solution is very good 
in spite of the idealizing assumptions made. 


Appendix—Recursion Formulas for 
Steady State Subharmonics 


In order to circumvent mathematical difficulties, resistance will 
be neglected in this analysis. Further it will be assumed that the 
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= fhe sin f — 0.054 — 
e 
0.197 = — 0.214 fi dt le 


(B)—Approximate check of analyzer 
solution by step-by-step calculation 


(C)}—Approximate steady-state solu- 
tion calculated from recursion rela- 
tions 
Scales: 
Flux linkage is shown in per unit 
Time is shown in radians of the im- 
pressed sinusoid 
_To obtain current in per unit multiply 
_ scale shown by 0.542 
To obtain capacitor voltage in per unit 
multiply scale shown by 0.27 
~ Maximum value of impressed voltage 

is O.7 per unit AK 


magnetization curve of the reactor may be represented by the dotted 
straight lines shown in figure 2. The curve consists of three portions 
labled in the figure a, b,andc. Curvea consists of the y axis between 
the values —y; and ys. For curve b we have y = Li + yy, 1 > 0. 
For curve c we have y = Li — y,,1 < 0. 


I. Operation on Curve (a) 


When operation is on the y axis the current is zero, hence the 
charge is constant. The flux linkages are given by the equation 


+2 = Esint (18) 
Integrating 
y= Boost - 214K (19) 


in which Qp is the charge trapped on the capacitor at the start of 
operation on (a). If at the start ¢ = T,) and y = Yo, we have 


QoTo 


= Yo + Ecos Io + C 


(20) 


The general expression for y during operation on (a), in terms of 
the boundary conditions for any given traverse of (a), is 


T 
=E 00s | — 24 + yo + Ecos To + 


y= (21) 


II. Operation on Curve (b) or (c) 


Assume that the capacitance has small effect in comparison with 
the inductance when operation is on either curve (5) or (c). Then 
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VE Bh E sin t 22 
So SIE Sin. 
es (22) 
and 
Ee 

oe a at sale aad (23) 

Let the boundary conditions be taken as 

~ ty (= 20; i=0 (24) 
then we have 
A= ZL cos T, (25) 
and 

E ET; 
=-Q4+-= zm Ty — ae cos T, (26) 


The general expressions for the charge and current during opera- 
tion on (b) or (c), in terms of the boundary conditions for any given 
traverse of (b) or (c), are 


(27) 


ete (con. ‘) 
= — (cos p = ' COS 
4 7 k 


E 
= L (sin T; — sint — T, cos Ty + ¢cos Ty) — Qx (28) 


III. Time Interval and Change in Charge 
During One Excursion in the Saturated Region 


It will be assumed that when i becomes zero, operation on the satu- 
rated portion of the characteristic ceases (in exceptional cases this 
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need not be true). Let 7, + 1 be the instant of time at which this 


occurs. 
From (27) 
cos Ty, + 1 = cos T; (29) 


The instant 7; + , occurs later than 7;, but not more than 2r later. 
It will be convenient to express T;, as 


T;, = 2rr + B where —r < B <r (30) 
from which it follows that 
Te = 26; Ia = 8 B10 
=) ie = (3 i} < 0 
and the time of excursion in the saturated region is 
Eee Ly = 2Gr —"8) sh SSO 
= —26 B<0 (31) 


The current which flows in the saturated region and the interval 
for which it flows depend upon the value of 8. This is shown in 


Figure 4. Types 

r INTERVAL= of current pulse 

OSS 2{r-A] during an excur- 

sion in the satu- 

Repen EX otr-p] rated region 
-T<P<F cava -26 
ap 0 ep -2p 


figure 4. The change in charge due to the current flowing during this 
interval may be calculated from (28): 


Aw 
Ox+1 = > [sin 8 + ( ~ B) cos B] — Ox B>0 


B<0 (32) 


2E 
Tr [sin B — B cos B] — Qy 


IV. Subharmonic Oscillation of the First Kind 

One type of oscillation which may occur involves one excursion 
in the saturated region with positive current, one excursion down the 
y axis, one excursicn in the saturated region with negative current 
and finally one excursion up the y axis to the beginning of a new cycle. 
Due to symmetry the charges must have the same magnitude but 
opposite signs in two successive excursions along the y axis. Such 
a cycle is indicated in figure 5 in which 7; has been chosen as the 
instant of time at which operation starts on the saturated portion of 
the characteristic with positive current. The angle @ is therefore re- 
stricted to positive values. 

The time interval for one complete cycle is equal to 


T = 4(n — 8) + 26 B>0 (33) 


where 6 is the time for one traverse of the y axis. Since for a sub- 


harmonic the period T must be given by 
T = 2570 

we have 

6 = 28. + (1 — 2)r 


Further since the oscillation is assumed symmetrical, the angle of 


B>0 (34) 
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entrance into the negative saturated region must be an odd multiple 
of + 8. That is 


B +2r — 6) +5 =8 + (2n + 1)x 


where n = 1,2,3,..... Comparing this expression with (34) it is 
seen that s; must be an odd integer. Oscillations of this kind are 
all odd subharmonics. Equation (32) gives the value of Q; in terms 
of the angle 6 if we impose the condition Qx+; = Qx (since —Qx 
was taken as the charge during travel up the y axis), 


On = F sin B + (w — 8) cos 8] (38) 


If the boundary conditions corresponding to one travel up the y 
axis are inserted in (21) we have 


vo = —Ws Y= Ys 

Qo = —Qx t = 2rr + B 

Ty = (Or sb )r & B B>0 
Qk 


2y, = E[cos (8B + siz) — cos B] + Cc (28 + (s — 2)z] (36) 


Substituting (35) in (36), we have 


2LCYs 


5 = —2LCcos B + [28 +(s, — 2)x][sin 8 + (x — B) cos 6] (37) 


The alignment chart figure 6 gives solutions of this equation for 
various values of the parameters. In this chart 
rie 2LCY; 
E 


Je) => PYHE m=s,—2 
The dotted line in figure 6 gives a representative solution. In this 
case A = 5.75 and B = 5. For m = 1, we have two values of £8, 
10° and 102°. For m = 3, we have one value of 8, 134°, etc. 


V. Subharmonic Oscillation of the Second Kind 


Another type of oscillation encountered experimentally is that 
shown in figure 7. This type corresponds to the route over the satu- 
ration curve outlined in the figure. In this case the charge —Q, 
which exists at the instant T;, is removed due to the flow of current 


Figure 5. Path of 
subharmonic os- 
cillation of the 


first kind 
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_ — ae, a 


_ a 

the interval (Ty +1 — T,), so that during the interval Up; oe 

- ) the charge on the capacitor is zero. The value of the order 

$: of the subharmonic may be calculated as follows: 
Beprod = (Tesi 7a) = (Tee i — Tes 2) + (Trea — 
fea) + (Tes 2 — Te+ 1) +(Te+1 — Tr) 
Sor = 28 + (s; — 2)r + (me — B) + 28 + 2(r — B) 
= ' 
H ‘ence Sy is equal to (s; + 2); 52 is therefore an odd integer. 
In the first type of oscillation the charge is reversed each time cur- 
5 ent flows; in the oscillation of the second kind the first pulse of cur- 
ent after an excursion along the y axis reduces the charge to zero 
a nd the second pulse charges the capacitor to a value equal and op- 
posite to the original charge. Therefore equation 35 must be re- 
written : 
ee 
Ok = =r [sin 8 + (x — 8) cos 8] (38) 
Equation 36 remains unchanged. However we wish to express (36) 
in terms of s2: 


2; = E [cos (8 + sr) — cos 8] + e [28 + (s: — 4) x] (39) 
Substituting (38) in (39) we have: 
LC); 
— = —LCcos 8 + [28 + (s2 — 4)r][sin 8 +(* — 8) cosB8] (40) 


E 


Solutions for various values of the parameters are given by the align- 
ment chart figure 6. In this chart 


a Las 


E B=LC 


m=%5s—4 


VI. Oscillation of the Third Kind 


It sometimes happens, as in figure 3, that the condenser charge 
accumulated during the transient causes the two portions of a cycle 
to be unsymmetrical. As before let JT; be the instant of time at 

~ which operation starts on the positive saturated portion of the char- 
acteristic. The charge during the interval preceding T;, was —Q,. 
During the interval JT; +1 — T; the negative charge is removed and 


OSCILLATION OF 
I JTHE 380 KIND 


Figure 6. Alignment chart for the equation 
A + Boos B — (26 + mr) [sin 8 + (x — 8) cos 6] = 0 
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Figure 7. Path of 
subharmonic os- 
cillation of the 
second kind 


Tk+e = k+2Sam 


a greater positive charge Q; + ; is put on the condenser. Hence we 
have 

25, 
Qi + Qe+1 = F [sin 8 + (w — 8) cos B] (41) 
If the two current pulses are to be the same, we have 
Ty+2—-Ty = B+ 5'0 where s’ is an odd integer (42) 


and also 


Te+4—Txi+2 = B+5"" where s” is also an odd integer (43) 


If OQ, + 1 > Qx, as assumed, then s’ which includes a passage along 
the y axis with charge Q; + 1 will be smaller than s” which includes 
a passage along the y axis with a charge of Q,;; we have 


2(r — B) + 5’ slr 
Q(x e B) ai LY? al 


where 6’ and 5” are the two time intervals on the y axis. 


Bt me DBiet (sb = B).a (44) 

6” = 28 + (s" — 2)r (45) 

The flux linkage equations become 

2y, = —2E cos 8 + a (2B 7=- Xs 2) (46) 
Ox aoe! , 

2Qy, = —2E cos B + Sar ent [28 + (s’ — 2)r] (47) 


If we let A be the unbalanced charge and Q be the charge which is 
reversed at each current pulse we have 


O=Q-A 
Onti1=Q+A4 (48) 
Subtracting (46) from (47), it follows that 
we (s” — s’)arQ (49) 
2[28 + (ss — 2)r] 
in which s; = is the order of the subharmonic. 
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Q may be obtained from (41), hence 


4 — OES )xBlsin 6 + (w — 8) c05 6] ist 
2L [28 + (ss — 2)z] 
Adding (46) and (47), we obtain 
28 (sa 2)e iQ (s — 5?)x 
ees ee eS ees 1 
vs + Ecos B aC + V5 (51) 
Hence 
2L Cys : 
os + 2LC cos B = [26 + (s3 — 2)r][sin B + (x — 8) cos B]— 


xs” — 5’)? [sin 8 + (x — 8) cos 8] (52) 
8[28 + (ss — 2)r] 

Comparing (52) with (37) it is seen that the solution for oscillations 

of the third kind is like that for oscillations of the first kind except 

for the correction term due to A. When 5s” is equal to s’ (52) re- 

duces to (87) as should be expected. 
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Chapter III, 


Discussion 


Ernst Weber (Polytechnic Institute of Brooklyn, Brooklyn, N. Y.): 
In explaining the production of subharmonics in circuits containing 
iron-cored inductors the authors employ, in addition to the differen- 
tial-analyzer attack, two phases of theoretical attack. The more 
important and most interesting one is the region-by-region method, 
substituting three straight lines for the nonlinear characteristic of 
the iron-cored inductor. Particularly happy is the concept of the 
“trapped” charge on the condenser which is amply confirmed by the 
results obtained with the differential-analyzer. 

Less convincing is the attempt to show by a direct analytical 
attack the effect of initial conditions upon the ‘“‘steady state” 
response of the nonlinear circuit. The circuit analyzed consists of a 
capacitance C in series with a linear inductance ZL and a nonlinear 
inductance of flux linkages y = Ki'/*, and having an applied voltage 
1.sin (¢ + 0), the time measured in radians. The circuit is treated 
as nondissipative, that is, disregarding resistances and this feature 
invalidates most of the reasoning. In order to show that the analysis 
cannot be valid, let us apply the authors’ reasoning to a linear circuit 
of the same type. Then the flux linkages y can be expressed as y = 
K.L and, in differentiating, can be combined with the first term 
Ldi/dt so that one obtains 


w+ mest fia sne+o (1) 


Assume now that the solution of (a) consists of an n’th harmonic 
current in addition to the current of impressed frequency, 


tg = A cos (t + 6) + Bcos n(t + 6) (2) 


where A and B are undetermined coefficients. Substitution of (2) 
and equating coefficients of sines of like multiples of (t + 6) leads to 
the two conditions: 


B- [nt +x) - 4] =0 


i (3) 
a-fi-a+m]=1 


Obviously the first condition (3) can be satisfied by letting the term 
in brackets vanish, that is, choose 


1 
Vk, 1K) = 
(L + K) = =. (4) 
giving 
m2C 
A = —— 
n? — 1 


so that the solution finally is 


. nC. 
ta = ej os t+ 8) + B cos mt + 8) (5) 


where B can take any value whatsoever. What is the meaning of 
two frequencies in this steady-state solution for a linear circuit with 
single impressed frequency? 

The explanation lies in the following facts: (1) resistance has 
been disregarded; (2) the parameters have been chosen to satisfy 
the resonance condition (4) for the n’th harmonic, making this a 
proper frequency of the circuit; (3) ina nondissipative circuit zero 
voltage can produce a current of arbitrary magnitude if resonance 
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exists; (4) in a nondissipative circuit the application of any voltage 
initially different from zero will excite a steady a-c current of the 
proper frequency which can persist indefinitely. 

_ Now, the authors follow in the case of their nonlinear circuit 
exactly the same procedure as outlined above for the linear circuit. 
Since they assume for the flux linkages the law y = Ki'/, the intro- 
duction of the third harmonic (sub- or super-) is natural Their 
solution does, therefore, not give the steady-state term but includes 
an involuntary a-c steady transient term as well. The nonlinearity 
hides this fact, particularly since the amplitude of the harmonic 
must have a special value in order to be able to satisfy the nonlinear 
differential equation. The conclusion of the authors that there 
can exist entirely different characteristic responses to an applied 
a-c voltage for different switching angles is not justified. In fact, 
experience shows that the final steady state as seen in oscillograms is 
typically the same for various switching angles, though not neces- 
sarily of exactly the same form. Otherwise any practical use of the 
relay circuits based upon the critical features of the ferroresonant 
element would be incomprehensible. 


I. A. Travis and C. N. Weygandt: Doctor Weber shows that in a 
) linear circuit with an applied voltage there can exist two sustained 
_ sinusoidal components of current having different frequencies, if 
_ resistance be neglected. One of these components has the frequency 
, of the applied voltage whereas the other has a frequency dependent 
; on the inductance and capacitance in the circuit but mot dependent 

in any way upon the initial conditions. The initial conditions de- 
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termine the maximum value of this component but do not influence 
the frequency. 

In the nonlinear circuit given in part II of the paper there can be 
many solutions involving many frequencies. Of these we give two, 
which happen to be readily expressible in trigonometric form, The 
essential thing is that these solutions show that in a circuit with a 
given capacitor and nonlinear inductor, components of current 
having entirely different frequencies may flow depending on the 
initial conditions, Thus equation 9 is a solution containing a funda- 
mental and a third harmonic, while equation 10 is a solution for the 
same circuit containing a fundamental and a one-third harmonic. 
In a given single mesh linear circuit such as that described by 
Doctor Weber it is impossible to get more than one frequency in 
addition to that of the applied voltage and this frequency is never 
dependent upon the initial conditions. The only special attribute 
of the one-third power with reference to these two solutions is that 
they are the only two expressible in simple form. Many other 
solutions were actually obtained on the differential analyzer, which 
had frequencies in no way related to the number three, 

The question as to whether or not the solutions (9) and (10) 
contain ‘involuntary steady transient”? terms, which might die out 
if resistance were considered is one which the authors cannot answer. 
The whole question of stability of subharmonics is one with which the 
present investigation did not concern itself, It is, however, be- 
lieved that circuits having resistance exist in which can flow currents 
of frequency dependent on the initial conditions, and which so far as 
oscillographic study is concerned have every right to the name steady 
state. 
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Recovery-Voltage Characteristics of Typical Transmission 


Systems and Relation to Protector-Tube Application 


By R. D. EVANS 


MEMBER AIEE 


Introduction 


device requires that the insulation recovery-voltage 
characteristics of the device be higher than the re- 
covery-voltage characteristics of the system. A broad 
understanding of the recovery-voltage problem from the 
application point of view, requires a knowledge of the 
effects caused by the range of systems, by the different 
types of faults and the different fault conditions en- 
countered in practice. With this object in mind an 
investigation was undertaken to provide a general picture 
of the recovery-voltage characteristics of transmission 
systems. 
In order to carry out this investigation consideration 
was given to the several possible modes of attack which in- 


Ts SUCCESSFUL operation of an arc-interrupting 


SOURCE 


Figure 1. Schematic diagram of system selected for study 


Group |—Solidly grounded at both ends. Used for curves of figure 6 
Group ||—Reactance grounded at sending end; ungrounded at receiving 
end. Used for curves of figure 7 


clude analytical, field-test, and a-c calculating-board 
methods. Analytical methods are of limited value for 
such a study because of the involved nature of the prob- 
lem, the range of conditions, and number of cases which 
must be considered. Field tests, although providing re- 
sults of value as benchmarks, are of restricted use because 
it is impractical by this means alone to study an adequate 
number of conditions with suitable range of system con- 
stants and fault conditions. Because of these limitations 
in analytical and field-test methods, this investigation has 
been carried out by the a-c calculating-board method, 
described by the authors in a recent paper. 

It is proposed in this paper to present the results of 
general analyses made on a number of typical transmission 
systems subjected to faults of such a type that their 
clearing restores the systems to the original circuit con- 


Paper number 37-132, recommended by the AIEE committee on power trans- 
mission and distribution and presented at the AIEE winter convention, New 
York, N. Y., January 24-28, 1938. Manuscript submitted October 28, 1937; 
made available for preprinting December 6, 1937. 
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ing Company, East Pittsburgh, Pa. 
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ditions. This type of fault does not include the ordinary 
circuit-breaker sectionalizing operation but it does in- 
clude the protector tube and many “‘shunt’’ type applica-. 
tions with circuit breakers or fuses whose operations do 
not change the main circuit condition. It is also proposed 
to illustrate the use of the results of such recovery-voltage 
studies with the application of protector tubes and to 
discuss the operating experience with certain typical ap- 
plications. Although the usefulness of this general study 
will be illustrated by only one specific application the 
authors believe that it has a definite use in connection 
with other applications. 


Part | 


Systems Selected for Analysis 


A broad perspective of the recovery-voltage problem 
can be obtained from the study of a representative set of 
systems. For this purpose three-phase, 60-cycle systems 
with transmission lines of the three voltage classes, namely, 
34.5, 69, and 138 kv were selected. Since the recovery 
voltage of a system is materially affected by the length 
of connected line, the lengths were selected to represent 
the shortest that would be encountered at that particular 
voltage for the large majority of systems. These selec- 
tions were as follows: 22.5 miles for 34.5 kv, 45 miles for 
69 kv, and 90 miles for 138 kv. Although it was recog- 
nized that more than one circuit would be required to 
transmit the maximum amount of power a single-circuit 
line was used because this gives the more severe recovery- 
voltage conditions. 


ca prs as i ay ees cae pe eee ce oe oe os sr ese ee eee ae 


representation used on the a-c calculating board 


FRD—Fault-representation device 


VMD—\V oltage-measuring device 
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Table |. Characteristics of System Selected for Study 


Voltage 34.5 Ky 69 Ky 138 Ky 


_Short-Circuit Amperes 


} 


Re rete eaten Rene os ncvaiate sae ave BOO tes «cscs LU oid Ae 500 

(CDCR ate ore een coke MOOO RG. Perce DOO MA cone. 1,000 

Tae Aegean Oe ne ne OOO aoe ee ClO0O ona ion 4,000 
Short-Circuit Kva 
PEC ER Me ei Mah el dict ravatss Sb ess ale Sie OO ernie tes BOM ioare werk 3.0 
Line length (miles)................ DO Aen sg EN ach. hy a 90 
ee a aS a ee ee a 


The general features of these systems are shown schemati- 
cally in figure 1. For each voltage class three different 
conditions were assumed, each having different values of 
generating capacity and load. Table I gives the sym- 


metrical three-phase short-circuit current that would be 


encountered for a “‘bolted fault’’ at the sending end. Sys- 
tems capable of supplying the higher short-circuit currents 
have in general larger connected loads. Table I gives the 


ratio of short circuit kilovolt-amperes to load kilovolt- 


amperes that was used in this study. Both no-load and 
loaded conditions were considered. An 80 per cent power 
factor load was divided equally between the generator bus 
and the receiver bus as shown in figure 1. 

The generating and transformer capacities were pro- 
portioned to the load for the particular system and short- 
circuit current, and typical constants were assumed for all 
of the system elements. Transmission lines without 


Figure 3. Connection dia- 
gram for double line-to- 
ground fault 


AR—Arvc-representation device 
AR AR GR—Ground or tower-footing 
resistance 
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Sz ples of Cartesian 
we 

=e plot of polar os- 

cillograms taken 

. during _— general 

0 400 800 1200 1600 2000 studies 

MICROSECONDS 


A—Single line-to-ground fault at sending end. 138-kv solidly grounded 
tystem having 1,000 amperes symmetrical three-phase short-circuit 
current, zero tower-footing and arc resistance, and load 


B—Double line-to-ground fault at sending end. 138-kv solidly 

grounded system having 500 amperes symmetrical three-phase short- 

circuit current, 33.0 ohms tower-footing resistance, zero arc resist- 
ance, and load 


RECOVERY VOLTAGE— 
PER CENT OF NORMAL CREST 


R 0 30 
MILES FROM SENDING END 


Figure 5. Recovery voltage for first and maximum crests and 

time to first and maximum crests as a function of location of 

fault on 90-mile solidly grounded 138-kyv system supplying 

826 amperes symmetrical three-phase short-circuit current at 
sending end 


Single line-to-ground fault, no tower-footing or arc resistance 
— — — — Double line-to-ground fault, 33.0 ohms tower-footing resistance 


ground wires were chosen. The additional complication 
to take care of the cases with ground wires is not warranted 
because the problems are similar and also the recovery 
voltages are less severe when ground wires are used. 


Variable Factors Considered 
in the A-C Board Study 


In making the general analysis the factors that were 
varied were method of grounding, load, type of fault, fault 
resistance, are resistance, and location of fault. The 
studies can conveniently be divided into two groups with 
respect to the method of grounding, namely: Group I 
with system solidly grounded both at sending- and 
receiving-end transformers, and group II with the system 
grounded through a reactance at the sending end only. The 
solidly grounded systems, of group I, were studied for 
both single line-to-ground and double line-to-ground faults 
and for fault or tower-footing resistance of 0, 25, and 
100 ohms, and with and without resistance for arc repre- 
sentation. The effect of load was investigated by com- 
paring the results of the above tests with results of a few 
tests made without load and without fault or arc resist- 
ance. The second set of tests for the reactance- 
grounded system, group II, was made with the addition 
of a neutral reactor of such magnitude as to make the 
zero-sequence reactance at the sending end equal to 8.5 or 
34 times the zero-sequence reactance of the supply trans- 
former. 


Connection and Adjustment of 
the A-C Calculating Board 


The method of connecting the a-c calculating board is 
illustrated in figure 2. The actual connection and ad- 
justment of the board was similar to that described in the 
paper! referred to previously. The selected systems were 
set up in miniature on a three-phase basis and the fault 
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was applied and removed by means of the commutator. 
The commutator is designed to allow adjustment of the 
point of initiating the fault and removing it, and arc char- 
acteristics can be simulated in the circuits. The transient 
voltages are measured by a cathode-ray oscilloscope and 
the records secured on a rotating film. 

In figure 2 the transmission line is shown by a simple pi 
representation but actually experience and judgment must 
be used in determining whether this simple representation 
or one with more branches should be used for any specific 
study. For the majority of studies the forced and natu- 
ral frequencies used were those of the actual system. 
However, for some systems which involve relatively high 
natural frequencies it may be advantageous to use lower 
frequencies and apply proper corrections. The need for 
such a procedure depends upon the relative losses of the 
miniature and the actual systems. In this particular set 
of investigations it was necessary to use this procedure for 


34.5 KILOVOLT 


8 
Ss 


34.5 KILOVOLTS 


the lower-voltage systems. Another network representa- 
tion problem was encountered with systems having rela- 
tively low source inductance. In this case the transients 
had relatively large amounts of energy associated with the 
higher-frequency components and adjustments were re- 
quired to compensate for the increased attenuation. 

The general procedure of making adjustments and ob- 
taining the recovery voltage has been described in the 
previous paper. The manner in which fault and arc re- 
sistances were introduced in the circuit for the case of the 
double line-to-ground fault is illustrated in figure 3. The 
point of application of the fault was selected and the fault — 
duration was modified so that each phase would clear at 
its earliest normal current zero. The point of application 
of the fault was then shifted successively until the maxi- 
mum recovery voltage of either phase was obtained. It 
is data secured in this manner that are plotted in the curves 
given in a subsequent section. The scope of this study 
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was limited to the cases in which the faults were cleared 
at normal current zero without restriking of the arc. 

Typical recovery-voltage curves obtained from the a-c 
calculating-board study are plotted in figure 4. These 
curves show definite first crest and maximum crest. In 
some cases, second and third crests were of approximately 
the same magnitude, and in these cases the second crests 
were used as they are more severe for an insulation-recov- 
ery curve that has a rising slope. 


Results of A-C Calculating-Board Studies 


In an investigation of this type it is not practical to con- 
sider the application of the fault at several points on the 
system. A preliminary study was, therefore, made to de- 
termine the effect of moving the fault along the line. Figure 
5 shows the results of such a study for a 90-mile, 138-kv 
system capable of supplying a symmetrical three-phase 
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fault current of 826 amperes at the sending end and with 
no load on the system. The recovery-voltage results for 
the single line-to-ground fault are for zero tower-footing 
resistance and the results for the double line-to-ground 
fault are for 33-ohm tower-footing resistance. When it is 
considered that both time and magnitude are of impor- 
tance in studying the effect of recovery voltage on a piece 
of apparatus, it will be seen that although the magnitude 
varies as the fault is moved along the line, the time also 
varies. Considering the shape of insulation-recovery 
voltage curves for certain specific pieces of apparatus, it 
was concluded that the recovery-voltage conditions were 
about as severe for faults at the sending end as at any loca- 
tion along the line. Therefore, the fault at the sending 
end was considered to be representative and was used in 
the general studies. 

Based on the selected systems, a series of studies was 
made on the a-c calculating board to determine the effect 
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Figure 8. Envelope of maximum re- 
covery voltages for different system- 
grounding conditions 
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of the different factors entering into the recovery-voltage 
problem. These studies may be divided into two groups; 
group I for the solidly grounded neutral systems, and group 
II for the reactance-grounded systems, described in con- 
nection with figure 1. The results of these studies are 
presented in figures 6 and 7, respectively. Referring to 
figure 6, it will be seen that for each voltage class studied 
the times to first crest and to maximum as well as the 
magnitude of the first crest and the maximum are pre- 
sented for the single line-to-ground and double line-to- 
ground fault cases. For these curves the abscissa is the 
current magnitude for a symmetrical three-phase short 
circuit at the sending end. ‘The results for a system under 
load are plotted for each current condition, with and with- 
out the are representation device for 0-, 25,- and 100- 
ohm tower-footing resistance. For comparison, one study 
with no load and zero are and tower-footing resistance is 
plotted. The are representation device is of the same 
general type as described in the previous paper making use 
of Rectox resistors to simulate the are characteristics of a 
deion protector tube. The Rectox resistor was adjusted 
to give approximately 20 per cent of line-to-neutral voltage 
at the peak of the symmetrical short-circuit current wave. 
This value was chosen to give the maximum effect of this 
factor as the minimum effect is shown by the condition of 
load and no arc representation device. 

Figure 7 presents the results of similar studies made on 
the same systems except with reactance grounding. The 
system arrangement with respect to grounding is shown 
in figure 1. 

The recovery-voltage data in figures 6 and 7 can be 
plotted in a large number of ways, depending upon the 
point under investigation. It is of general interest to 
know the maximum recovery voltage that can be en- 
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countered on a system when all the factors are varied. 
Figure 8 shows a plot of the envelope of such maximum 
values. Figure 9 shows another manner in which the 
data can be plotted. This example is for the 69-kv solidly 
ground system with load and with and without the arc rep- 
resentation device. It will be seen from figure 6 that the 
time to crest for different fault-resistance values does not 
change materially so that the significant factor is magni- 
tude as plotted. This curve has been included to empha- 
size the fact that the introduction of tower-footing resist- 
ance reduces the recovery-voltage magnitude for a single 
line-to-ground fault. 

A general review of the results of these studies is of in- 
terest. The introduction of load has little effect although 
it reduces the magnitude and decreases the time to crest 
slightly. The introduction of arc resistance in the solidly- 
grounded system reduces the magnitude for both single 
and double line-to-ground cases but very materially for 
the former. The time to crest is not influenced very 
much. Tower-footing resistance lowers the magnitude 
and the greater the resistance the larger this effect. 
the time is not affected. 

Reactance grounding materially increases the magni- 
tude. The introduction of resistance tends to lower the 
magnitude for both values of reactance grounding but the 
effect is not marked. The time to maximum crest for the 
single line-to-ground fault is considerably increased with 
the introduction of reactance. 

On the solidly-grounded neutral system the magnitudes - 
are very close for the single and double line-to-ground 
faults. For the reactance-grounded systems the magni- 
tude of the double line-to-ground fault is considerably 
higher than for the single line-to-ground case. 

When a comparison of the results of the tests on SyS- 
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tems with line connected is made with the Severity of 
_ tests for circuit breakers,? it is found that the magnitudes 
are lower. The largest difference is in the time to crest, 
iq this being 6 to 12 times as much as for the circuit-breaker 
_ test. If the aggregate length of line is increased over the 
i values used in the studies, the spread in the time to crest 
| will be still greater. The effect of line is, therefore, very 
_ important in the recovery-voltage problem. It is also of 
_ interest to note that the envelope of maximum magnitudes 
decreases for the higher system voltages as a result of the 
greater lengths of connected lines. 

Since the system recovery voltage has a decided bearing 
on the economical design of the protector tube and since 
_ the laboratories for testing circuit breakers give more 

severe recovery voltages than found on actual systems, we 
believe the data presented will be very useful in the prepa- 
ration of a test code for protector tubes. Such require- 
ments might be specified as magnitude of recovery voltage 
and time to crest for given short-circuit currents. 


Effect of Other Factors 


Although a large number of different factors have been 
investigated for different fault conditions and different 
conditions of grounding in the a-c calculating-board 
studies, there are, nevertheless, certain other pertinent 
factors that enter into an application which must be con- 
sidered. The analytical method of solution is useful in 
considering some of these factors, such as the number of 
circuits and their total capacitances, the latter being pro- 
portional to the aggregate length of line. In order to 
illustrate the effect of total capacitance or aggregate length 
of line, figure 10 has been prepared and it shows that the 
time to crest is very materially affected. For example, 
for the case of a system capable of supplying a symmetrical 
three-phase short-circuit current of 2,000 amperes and 
with the capacitances equivalent to 5.6 miles of line lumped 
at the sending end, the time to crest is approximately 120 
microseconds whereas with the capacitances of 22.5 miles 
of line lumped at the sending end the time to crest is ap- 
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proximately 240 microseconds. It is seen that the se- 
verity increases with the decreased aggregate length of line 
and approaches a maximum severity with zero line, which 
is the case for the circuit-breaker sectionalizing applica- 
tion. The time to crest for a single-phase circuit is equal 
to x ¥LC, where L corresponds to the source inductance 
and C to the total capacitance assumed lumped at the send- 
ing end, and line reactance is neglected. If the time to 
crest for a given short-circuit current and aggregate length 
of line is known, the time to crest for any other length of 
line would increase approximately as the square root of the 
ratio of the aggregate line lengths. 

The effect of length of line, that is straightaway length as 
contrasted with aggregate length, is brought out in figure 10. 
The condition of capacitance being lumped at the sending 
end for 22.5 miles of line is plotted and compared with the 
effect of a single line 22.5 miles long. This, in effect, 
shows the range of time that can be expected for a given 
aggregate length of line for anything from a single to an 
infinite number of lines. Points are also shown for two 
and four lines for the 2,000-ampere condition. It will be 
seen that when length is increased the time to crest is in- 
creased. The severity of recovery voltage is inversely 
proportional to the times to crest given in figure 10 as the 
magnitude remains practically constant for this case. 

Figure 11 shows the results of a number of calculations! 
based on the wave theory, for the nine selected systems 
previously studied. These calculations are made for 
single line-to-ground faults at the sending end with the 
sending and receiving ends solidly grounded. These do 
not consider the effects of load, initiating transients, or 
tower-footing or arc resistance. They do, however, illus- 
trate the general shape of the recovery-voltage curve and 
give a close check for the a-c calculating-board studies for 
maximum crest. In the curves of figure 11 the magnitude 
of the ‘‘first crest’’ at the shorter times is also of interest as 
it is probably a lower limit of the values that can be ex- 
pected on the system, as the transients arising from the 
initiation of the fault are not included. The results of the 
a-c calculating board study are probably an upper limit as 
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these include the effect of initiating transients and some 
extraneous oscillations introduced by the networks. The 
actual determining conditions are probably between these 
two limits but the relative position has not been definitely 
determined as it is not of immediate interest in presenting 
broadly the results of this series of studies. 

It is of interest to note the effect on the first crest of 
varying the length and number of lines, as previously was 
done in connection with the effect on the second crest in 
discussing figure 10. For example, if four lines of the 
- same length were used for, say, the 2,000-ampere case 
the recovery-voltage curve would approximate that of the 
500-ampere case, since one may assume four fictitious sys- 
tems supplying 500-ampere symmetrical short-circuit cur- 
rents operating in parallel to give the 2,000 amperes. 


Part Il 
Application of the Data 


It is the purpose of this section to show broadly how the 
recovery-voltage data can be used in the application of ap- 
paratus toasystem. Although the recovery-voltage data 
presented is useful in a large number of applications, the 
particular application of the deion protector tube will be 

‘taken as an illustration. The case of the 34.5-kv solidly 
grounded system with 22.5 miles of transmission line with 
a symmetrical three-phase short-circuit current of 2,000 
amperes at the sending end has been selected. These 
data are plotted in the form of recovery-voltage magni- 
tude-time curves as illustrated in figure 12. The points 
joined with broken lines are for the first crest and maxi- 
mum overshoot taken from the general curves of figures 6 
and 7. The particular fault and arc resistance condition 
is identified by the notation on the figure. In figure 12 
there is also plotted the calculated curve taken from figure 
11. Therearealso plotted curves P;, Ps, and P3, which are 
the insulation recovery-strength curves for three different 
deion protector tubes with different inner bores but the 
same fiber length. An examination of the curves of figure 
12 shows that there are certain conditions for the solidly 
grounded system that would result in higher recovery-volt- 
age characteristics on the system than the protector tube 
could provide in insulation recovery strength. More 
specifically, points A2 and B2 for first crest are definitely 
above the insulation-recovery curve P3; whereas all of the 
points for the solidly grounded system are definitely below 
the insulation recovery-strength curves for both protector 
tubes P; and P:. As previously discussed in connection 
with figure 11, if there are parallel lines the first crest is 
decreased in magnitude for a given time or for a given 
magnitude the time is increased, making the first crest 
less significant. For the case just considered, if two paral- 
lel lines were used protector tube P; would be entirely 
satisfactory. 

The effect of reactance grounding is also of interest and 
this is illustrated in figure 12 by plotting the more signifi- 
cant conditions from figure 7. A comparison of the data 
from figures 7 and 12 shows for the single line-to-ground 
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Figure 12. Comparison of system recovery voltage and 
insulation recovery strength for deion protector tubes for 
34.5-kv solidly grounded system supplying 2,000 amperes 
three-phase short-circuit current at sending end 


P,, Pz, Ps—Insulation recovery strength for deion protector tubes of 
identical design except for increased bore for higher subnumerals 
B6, B5, etc.—System-recovery voltage 
Nomenclature: A—Single line-to-ground fault 
B—Double line-to-ground fault 
1—Solidly grounded system, arc resistance 
9—Solidly grounded system, no arc resistance 
3—Low-reactance grounded system, arc resistance 
4—Low-reactance grounded system, no arc resistance 
5—High-reactance grounded system, arc resistance 
6—High-reactance grounded system, no arc resistance 


fault, that the interruption problem diminishes as the 
neutral reactance is increased. It will further be noted 
for the double line-to-ground faults with the higher value 
of reactance that the severity is increased very materially 
over that of the solidly grounded system to a point that it 
approaches protector tube Py». 


Correlation of System 
Recovery Data and Operating 
Experience With Deion Protector Tubes 


It is of interest to compare the conclusions drawn from 
figure 12 with experience from an actual system. Pro- 
tector P; has been applied to a particular system having an 
aggregate of 22 miles of line in three circuits and a sym- 
metrical three-phase short-circuit current nearly the same 
as that of figure 12. The fact that there are three circuits 
will decrease the first crest but otherwise it should be 
similar to figure 12. Experience has been entirely satis- 
factory as would be concluded from an examination of 
these curves. 

Protector tube P; has been applied to another system 
having an aggregate of 12 miles of line in three circuits 
and with a symmetrical three-phase short-circuit current 
of approximately three times that of the system used for. 
figure 12. The fact that there are three circuits will again 
decrease the magnitude of the first crest. The magnitude 
of the maximum will remain practically the same but the 
time to maximum will be decreased from 275 to 115 micro- 
seconds. This is because, as previously shown, the time 
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ies as ~/LC. L varies inversely as the short-circuit 
current and C varies directly with the aggregate line 
length. The line length is decreased in the ratio of 12 to 
22.5 which will decrease the time as the Square root of this 
ratio or to 73 per cent; also the fact that the source in- 
ductance has decreased to one-third will decrease the time 
58 per cent, making a total reduction of 42 per cent. Ex- 
perience has again been entirely satisfactory as would be 
concluded from an examination of the curves of figure 12. 
In the case of protector tubes P;, P2, and P;, shown on 
figure 12, the designs are identical except the bore is in- 
creased for the higher subnumerals. It will be noted that 
the insulation recovery characteristics of the protector 
tube are lower as the bore increases. In the normal opera- 
tion of the deion flashover protector tube successive opera- 
_ tions tend to increase the bore. It has been recognized in 
the application that after a number of operations the bore 
will eventually erode to a diameter that will cause the pro- 
tector to fail. This is illustrated by a comparison of curves 
P,, Ps, and P;. For example, if protector tube P, leaves 
the factory with a definite inner bore it is quite conceivable 
that after a number of operations the bore will increase to 
approach the characteristics of protector tube P, or even 
. protector tube P3. It is, therefore, seen that eventually 
the protector will fail to clear. 

It is believed that there has been undue apprehension in 
connection with the erosion of the protector tube for the 
practical application. Through the co-operation of the 
Interstate Power Company it has been possible to secure 
direct measurements of this factor on the oldest extensive 
application of protector tubes. This experience was ob- 
tained on the 66-kv line joining Dubuque and Clinton, 
which consists of 47 miles of single-circuit line with flat 
configuration and seven miles of double-circuit line with 
vertical configuration. Ground wires are not used and the 
line is insulated with four ten-inch units, spaced five 
and three-fourths inches. The line was placed in service 
August 15, 1926, and in six years time, before the deion 
protector tubes were installed, there were 277 interruptions 
that could be traced to lightning. This is an average of 
46 interruptions per year. The large number of outages 
per year is direct evidence that there were and are a large 
number of strokes to the line per year. 

Deion flashover protector tubes were installed on this 
line in August 1932. The following is an interruption rec- 
ord after the installation was made: 


Period Interruptions 
August 1932 to December 1, 1932 .........--0 0+ eee eere ee eeeees -s 0 
Se cxetet RTS ee oe Panett Mie ore, cece atic ore) visas wand eca unin atipt Yer a, ex 3 
REPL Ee ERS Te ey ee See et eee 0 
yale RO Lit by Bh tg SION ec CRO oe ee rene 
Pearl 05a eerie rote aaale aint as intelbs Su wieieeheln eles 8 
January 1, 1937 to August 20, 1937.......---.- sere e eee tenet eens 7 
ee is ona i, A ae os ot ee OP ee 16 


This is an average of 3.1 interruptions per year which cor- 
responds to a reduction of 15 to 1. An analysis of these 
explained 15 of the 16 interruptions. In the year 1933 two 
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Figure 13. Erosion data obtained after five years’ operation 
of deion protector tubes installed on the Clinton-Dubuque 
line of Interstate Power Company 


protector tubes were destroyed due to high surge current 
estimated at from 75,000 to 100,000 amperes. In the 
latter part of 1935 and the early part of 1936 there was a 
sudden increase in the number of outages which led to an 
investigation. The outstanding improvement in the per- 
formance of the lines justified at times shutting down the 
station at Clinton although the original application as- 
sumed it in operation. This change resulted in reducing 
short-circuit current at the Clinton end of the line to ap- 
proximately one-third of the minimum rating of the deion 
flashover protector. An analysis of the outages for 1935, 
1936, and 1937 indicated that all these failures occurred 
within a few miles of the city of Clinton. An analysis of 
this particular condition indicates that with the lower 
short-circuit currents the recovery-voltage strength of the 
protector tube is lower than the recovery voltage on the 
system with the result that the protector tubes failed to 
clear. In August 1937 the protector tubes on the Clinton 
end covering a distance of approximately 20 miles, were 
replaced with protector tubes having higher insulation re- 
covery strength. No outages have since resulted on this 
line up to the time of writing although there have been a 
uumber of lightning storms in the vicinity of the line. 

In changing the protector tubes a program was carried 
out by the Interstate Power Company whereby it was pos- 
sible to obtain bore measurements on all of the protector 
tubes originally installed. This allows a detailed analysis 
of the increase of bore or the decrease of insulation-re- 
covery strength as a result of a large number of operations 
in five years. A limit of 0.45 inches was set for the bore 
that would be satisfactory for the original application. 
The original bore of the protector tubes was 0.375 inches 
and they were very close to this when they left the factory. 
Figure 13 shows the range of bores after the five years of 
operation, these being given to the nearest one-hundredth 
of an inch. It is of interest that none of the protector 
tubes have reached the limit set as satisfactory for the 
original application. Only 2.7 per cent have reached 0.43 
inches and five per cent have reached 0.42 inches. The pro- 
tector tubes that were eroded themost were installed at high 
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points on the line. The fact that some protector tubes are 
below the 0.375 inch is explained by the fact that fiber 
will swell and the protector tubes with 0.375 inch bore or 
less have swelled more than they have been eroded by 
operation. The probability is that the protector tubes 
below this bore diameter have had few, if any, operations. 


Summary 


1. This paper presents a general picture of the recovery-voltage 
characteristics of transmission systems obtained from the study of 
nine selected systems subjected to the varying factors encountered 
in practical operation. The a-c calculating-board method has been 
of major importance in carrying out this investigation. 


2. The recovery-voltage characteristics of systems subjected to 
faults which are cleared without a line-sectionalizing operation are 
much less severe than that for the clearing of the last circuit breaker 
ona bus. This difference is so marked that advantage should be 
taken of it, in the design of certain pieces of apparatus. 


3. The method of analysis and the data presented should be of 
value in the application of certain pieces of apparatus and in the 
preparation of test codes for specific devices. 


4. This general analysis is of immediate interest in connection with 
the application of protector tubes, and operating experience with 
this device supports the analysis. Erosion of the protector tubes 
due to operation is such that the insulation-recovery characteristics 
are not changed at an impractical rate. 
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Discussion 


W. J. Rudge, Jr. (General Electric Company, Pittsfield, Mass.): 
Messrs. Evans and Monteith have made a valuable contribution in 
their paper on the recovery-voltage characteristics of transmission 
systems. Since their studies were conducted on an a-c calculating 
board, it will be of considerable interest to compare the results given 
in their paper with results which were obtained by actual measure- 
ments in staged field tests. 

In figure 8 a plot is given of recovery voltage crest in per cent of 
normal line-to-neutral voltage. The recovery voltage is given for 
both solidly grounded neutral systems and systems grounded through 
reactors. This curve indicates that on solidly grounded neutral 
115-kv system the recovery voltage will rise to about 150 per cent 
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of normal. We have recently completed tests on a 115-kv system 
where the recovery voltage measurements varied from 115 to 178 per 
cent of normal. We have also made tests on a 26.4-kv system 
which was grounded through resistance where the recovery voltage 
measured to ground varied between 115 and 187 per cent of normal. 
Similar tests on a 33-kv system with neutral grounded through 
resistance give recovery voltages varying between 100 per cent and 
185 per cent of normal. Tests made on a 33-kv isolated neutral 
system give values ranging between 100 and 170 per cent of normal. 

Referring to figure 11 of the Monteith-Evans paper, it may be 
noted that the highest values of recovery voltage occur with the 
lower currents on the low-voltage system and on the higher-voltage 
system the highest recovery voltage occurred with the larger cur- 
rents. 

Referring again to our actual field tests, the data on each of the ~ 
four separate field tests mentioned above indicates that the highest 
recovery ‘voltage occurs with the lower values of short-circuit cur- 
rent. Further data may, however, show that it is possible to obtain 
as high recovery voltage with large currents as have been obtained 
with the lower values. In the field tests the highest values of re- 
covery voltage occurred with currents ranging between 500 and 
1,500 amperes whereas the lower values of recovery voltage were for 
currents in the order of 3,000 amperes. 

In giving these results, we do not intend to infer that low values 
of recovery voltage do not occur with low values of current, as there 
are many instances where the recovery voltage varied between 100 
per cent and 150 per cent of normal in the low range of short-cir- 
cuit currents. The data from field tests cited above show the high- 
est values of recovery voltage occurring in the range of currents 
obtained. 

In other words, this comparison of field data with the data ob- 
tained on the a-c calculating board, show that the results obtained 
from the board can be no more accurate than the basic data upon 
which the board is set up. It is therefore essential to have an ade- 
quate background of field tests before accurate results can be ex- 
pected from the a-c board. 

On the basis of the field tests, it appears that the crest recovery- 
voltage characteristic, when plotted against system voltage, is al- 
most a flat line, whereas in figure 8 of the Monteith paper, the curve 
indicates that for the higher system voltages the maximum recovery 
vo'tage has a downward trend. 

We note in figure 12 of the Evans-Monteith paper that the char- 
acteristics for the protector tubes P-1, P-2, and P-3 do not extend to 
the region near normal voltage so that when comparing the recovery 
characteristic of the system with recovery characteristic of the tube, 
one would infer that the rate at which the voltage rises at the early 
part of the curve has no effect on tube operation unless the voltage 
rose at least to the point where the tube characteristic curves begin. 
We would like to have the authors explain whether these curves 
are the limit of the data which has been taken on the tube, or whether 
we have correctly interpreted their results. Tests which we have 
made on tubes indicate that it is essential for the characteristic 
curve to be extended back to voltage equal to or even less than 
normal, as tubes may fail to clear because of too rapid rate of voltage 
rise, rather than long time in which the peak value of the circuit 
recovery voltage occurs. 


R. C. Van Sickle (Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): Although the data presented in this 
paper applies specifically to protector-tube application, it has ad- 
ditional interest to those associated with high-voltage circuit breakers 
and their application, as is suggested by the authors. The recovery- 
voltage characteristics of the typical circuits on which breakers are 
applied cover a wider range and unfortunately the upper limit is not 
as well fixed as in the case of flashover protectors because the mini- 
mum amount of effective capacitance is more difficult to determine. 
That the effects of lines and loads greatly reduce the severity of the 
voltage recovery characteristics has already been demonstrated 
by measurements taken during field tests on circuit breakers but 
such data are naturally limited and apply to the particular condi- 
tions existing for the test. Consequently, the data presented in this 
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is a welcome addition to the general fund of information on the 
rerity of some of the service conditions which may 
ircuit breakers. 

The characteristics imposed on a tube at the far end of a line are 
the same as those on a breaker opening at the end of the line. Like- 
wise, the characteristics imposed on a tube at the near end of a line 
are the same as the characteristics imposed on a circuit breaker open- 
ing one line with another line still connected to the same bus. 

Since the lengths of the lines have been chosen as short as are 


be imposed on 


regarded as being the minimum which would normally be expected. 
A 188-kv circuit having a three-phase short-circuit current of 500 
amperes might impose, on the circuit breaker during a single line- 
to-ground fault, a voltage crest of 190 per cent which occurs about 
110 microseconds after current zero. This corresponds to a voltage- 
recovery rate of 1,020 volts per microsecond. The data in this 
paper shows that a parallel line would reduce the maximum voltage 
from 190 per cent to 135 per cent and the rate from 1,020 to 104 volts 
per microsecond. 

Other data shows that locating the circuit breaker at a substation 
fed by a 90-mile 138-kv line with the neutral solidly grounded and a 
three-phase short-circuit current of 826 amperes, subjects it to a 
maximum voltage 160 per cent of normal and a voltage-recovery 
rate of 89 volts per microsecond. These conditions are approxi- 
mately the same as those encountered with a parallel line. 

These are only a few of the interesting comparisons which can be 
made by use of the data presented in this paper. 


} 


D. C. Prince (General Electric Company, Philadelphia, Pa.): This 
paper naturally divides itself into two parts; (1) methods of analysis 
of circuits to obtain the form of recovery-voltage characteristics; 
(2) the nature of the interrupting characteristics of the expulsion 
tube with reference to recovery voltages impressed upon it. 

There are several methods already in use for determining recovery 
voltage, ranging all the way from straight calculation through the 
calculating board methods, discussed by these authors, and ending 
up at the other extreme with field tests by cathode ray oscillographs. 
With the addition of the authors to this situation there are available 
methods of determining recovery voltage forms for practically all 
conditions. 

The second half of the paper is outstanding in that it represents 
the most exact correlation yet established between any circuit inter- 
rupting apparatus and the recovery voltage of the circuit upon 
which it must work. In the body of the paper, it is stated that the 
important elements of recovery voltage are the length of time to 
reach the crest value and the magnitude of that crest value. This 
statement is not supported by the test information shown. Re- 
ferring to figure 12, it appears that the variation of strength with 
time for three expulsion tubes is shown in the curves P;, P2, and P3. 
If the recovery voltage lies wholly below any one of these three 
curves, the corresponding design of expulsion tube may be expected 
to operate satisfactorily. 

If, on the other hand, there is a point where a curve of recovery 
voltage crosses one of these lines Pi, P2, or P;, as the case may be, at 
that point the tube will break down. It would be interesting to 
know how these curves Pi, P2, and P3, were obtained since if this 
statement of the case is correct, this represents the most accurate 
correlation between the behavior of any circuit interrupting device 
and the recovery voltage characteristics of a system yet published. 

Above and below the portions plotted in figure 12, it is presumed 
that waves likely to be obtained would not cross the portions of 
these lines not plotted, but this could be judged with considerably 
more assurance if the lines were extended particularly in the direction 
of shorter times. 


C. N. Weygandt (University of Pennsylvania, Philadelphia): I note 
that in the method used by the authors an elaborate switching scheme 
for the cathode ray oscilloscope is required in order to record the high- 
frequency transients, and also that when the capacitance of the 
actual circuit is low capacitance of leads and so forth becomes a 
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source of trouble. I should like to suggest an equivalent circuit 
which may in some cases avoid these difficulties. Suppose that the 
circuit of figure 1 is to be studied, 

The voltage across the switch s can be obtained as the time func- 
tion corresponding to the operational expression: 
E pw 1 


A) Serene 
ey(t) furan 


il 


1 
pC+ — + ——— 
Re Ry + pL 
Let us construct an equivalent circuit such that its operational 
impedance is the reciprocal of that of the original circuit. The in- 


ductance now has a value numerically equal to the capacitance in the 


Figure 1. Original 


circuit 


original circuit and the capacitance is equal to the original value of 
inductance and the resistances are reciprocals of their original values. 
The current which flows when the switch is closed at the instant t = 
0 is: 


E pw x 1 
ib p? 4. w? 


u(t) = i 


1 
Tn ag at si 
which is identical with the voltage across the switch in the first cir- 
cuit. Moreover by reducing the frequency of the applied voltages 
and consistently altering the values of the parameters, the natural 
frequency may be reduced so that it may be recorded with an or- 
dinary magnetic oscillograph. Also since the applied voltage in the 


Figure 2. Equiva- 


lent circuit 


equivalent circuit represents the interrupted current in the actual 
circuit it should be more easily possible to simulate interruption when 
the current is not zero, nonlinear arc characteristics and thelike. A 
numerical example follows: 

Given an original circuit with the constants in the left-hand 
column, the equivalent circuit will have the constants in the right- 
hand column: 


Original Circuit Equivalent Circuit 


0.25 millihenry = DL 25 microfarads = -L 
0.00025 microfarad =C 2.5 millihenrys = C 
0.01 ohm = Rp 106 ohms = 1/Rp 
10? ohms = Re 0.01. ohm = LR 
377 per second =w 0.377 per second =w 
1 1 
4 108 per second VLC 4,000 per second Nie 
60 cycles per second = f 0.06 cycle per second = f 


C. Concordia (General Electric Company, Schenectady, N. Y.): 
In the past few years there has been a large number of papers written 
on recovery voltage. One of the striking features of these papers is 
that there are apparently two different viewpoints about the relative 
importance of the various factors involved in recovery voltage cal- 
culations. One group leaves us with the impression that the im- 
portant factors are the traveling waves and their reflections, the other 
that the important factors are the natural frequencies of the circuit. 
The present paper by Messrs. Evans and Monteith appears to fall in 
the latter class. 
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There need be no essential or theoretical conflict between the two 
points of view. On the other hand, as the traveling waves depend 
on the surge impedances and transmission distances, while the 
natural frequencies depend in practice on lumped circuit approxi- 
mations to the actual system, one may arrive at different conclusions 
regarding a particular system by the two methods of approach. Itis 
essential to examine carefully each case to determine what must be 
considered and what can safely be neglected. 

One may construct a lumped circuit which possesses the same first, 
second, etc., natural frequencies and the same steady state charac- 
teristics as the actual circuit. Ina practical case one will match the 
circuit frequency response characteristics only up to some limiting 
frequency. The initial response of such a circuit to an impulse 
will bear no relation to the initial response of the system. 

Similarly one may determine the surge impedances of the system 
and from them calculate the correct initial response to an impulse. 
However, consideration only of the surge impedances and reflection 
times will not result in a correct determination of the oscillations of 
the recovery voltage. 

It is evident therefore that in the general case both effects must be 
taken properly into account. In some cases, however, the reflection 
times are so short that the circuit behaves very nearly like its 
lumped circuit equivalent. In other cases the reflection times are 
sufficiently great so that the voltage during the period of interest may 
be determined entirely from the surge impedances. Still more sig- 
nificant is the fact that for some applications the initial response 
(e.g., the initial rate of use of voltage) is the most important factor, 
while for other applications the magnitude of the voltage swing may 
be the most important. In the general case again the entire re- 
covery characteristic must be considered. 


L. G. Smith (Consolidated Gas, Electric Light, and Power Company 
of Baltimore, Baltimore, Md.): Data of the type included in this 
paper are of real interest to those companies applying deion pro- 
tector tubes and expulsion protective gaps. Our company has 
made several applications of these tubes on our 13.2-kv lines and a 
few isolated applications at 110 kv. Details of these installations 
are covered in a discussion on page 1509 of the 19837 AIEE Trans- 
ACTIONS. 

One of the problems in protector-tube applications is to obtain tubes 
with a range of current interrupting capacities, within which range 
the currents actually encountered in the particular application will 
lie. It is recognized that all expulsion devices have two limits on 
their current interrupting capacity: 


1. The maximum current, which is limited by the bursting strength of the tube 
notwithstanding the pressure produced by the high currents. 


2. The minimum current below which sufficient pressure is not developed to 
extinguish the arc. 


It is understood that the minimum current rating of an expulsion 
device depends to a large extent upon the rate of rise of recovery 
voltage. For a given bore diameter the lower the rise of recovery 
voltage the lower the minimum current that can be interrupted. 

Since protector tubes are applied by connecting them from each 
phase to ground, the ground connection usually being a common 
connection for all three phase tubes the maximum current inter- 
rupting capacity must be sufficient to clear a phase-to-phase fault if 
two tubes are discharging simultaneously. On the other hand, the 
minimum interrupting capacity of the tube is determined by the 
maximum ground resistance, if a single tube discharges. As ground 
resistances may at times be high and also vary over considerable 
ranges of values due to weather conditions, it is frequently necessary 
to use a so-called multiplex installation in which phase tubes of high 
current interrupting capacity are installed in each phase and a single 
ground tube installed in the common ground connection, this tube 
having a lower current rating. If more definite information were 
available concerning the probable rates of rise of recovery voltages 
on various systems it should be possible to extend the application of 
tubes and possibly eliminate the multiplex connection in many 
instances. Therefore, information on this point is desired by the 
industry. 
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R. D. Evans and A. C. Monteith: The principal objects of our paper 
are to provide (1) a general picture of the recovery-voltage charac- 
teristics of transmission systems which has been obtained with the 
aid of the a-c calculating board and (2) to illustrate the use of the 
recovery-voltage data in connection with the application of a spe- 
cific arc-interrupting device, the protector tube. This is the first time 
that a broad picture of the recovery-voltage problem on transmission 
systems has been presented. Until such a picture is available and 
generally understood, refinement in methods of analysis and greater 
detail in the characteristics of the device are of secondary considera- 
tion. A review of the discussions shows a general agreement with the 
importance of our objectives and the interpretation of the data pre- 
sented. This general viewpoint should be kept in the mind in con- 
sidering the replies to the specific discussions. 

We fully agree with Mr. Concordia that there is no essential or © 
theoretical conflict between recovery-voltage calculations by travel- 
ing waves and by networks with lumped constants, provided the net- 
work constants have been suitably chosen and provided that both 
types of calculation have been carried to a fair degree of refinement. 
Both methods have been discussed and used in the paper, one method 
providing a check against the other. It is the particular advantage 
of the method using networks with lumped constants that makes 
possible the use of the a-c calculating-board method which provides 
a practical form of solution for general analyses, the results of one 
such study being presented in the paper under discussion. This 
point of view was discussed in greater detail in our paper entitled 
“System Recovery Voltage Determination by Analytical and A-C 
Calculating-Board Methods” presented at the 1937 summer conven- 
tion in Milwaukee. 

Mr. Van Sickle’s discussion is of value in that it shows the applica- 
tion of the system recovery voltage data to another specific appara- 
tus problem, the circuit-breaker problem. 

Mr. Rudge has presented certain results of field tests and made 
comparison of measured voltage magnitudes with those of figure 8 of 
the paper. In this connection it is pertinent to observe that the re- 
covery voltages of figure 8 are definitely associated with the figures 
6 and 7 which incorporate time as wellas magnitude. In figure 5 we 
have shown that higher recovery voltages than those plotted in 
figures 6, 7, and 8 can appear on the system but those voltages were 
generally associated with considerably longer time so that they were 
not considered as significant as the voltages plotted. It is, there- 
fore, unfortunate that Mr. Rudge has not given the times associated 
with the voltage magnitudes presented in his discussion so that a de- 
tailed comparison could be made. Mr. Rudge’s discussion raises the 
question as to whether more severe conditions are met in the field 
than are indicated in the paper. This question cannot be answered 
unless the times associated with the recovery voltage magnitudes are 
also presented. Results of tests given in the previous paper just re- 
ferred to, together with the results of other tests, give recovery volt- 
age magnitudes and times checking closely with the values given in 
the paper under discussion when these are put on a comparable 
basis. 

Mr. Rudge also makes comparisons between the results of field 
tests and the data presented in the paper with respect to maximum 
recovery voltage as a function of fault current and as a function of 
system voltage. Again the comparisons are not complete unless 
time as well as magnitude is considered. 

In the discussion Mr. Rudge implies, but does not state, that the 
systems tested fall within the range of systems studied on the a-c 
calculating board. It would be valuable if more detailed information 
had been given on the systems tested so that direct comparisons could 
be made. 

Concerning field tests, we have recognized and have emphasized in 
both of our papers the desirability and necessity of such tests as a 
means for providing benchmarks. We do feel, however, that, on ac- 
count of the limitations in making such tests, it is difficult if not im- d 
possible by this means alone to obtain a broad grasp of the recovery 
voltage problem. 

Both Mr. Rudge and Mr. Prince have raised the question of the 
characteristics of protector tubes in the short time range. The ob- 
ject of figure 12 is not to provide a complete picture of the characteris- 
tics of protector tubes but instead to illustrate the use of the recovery 
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voltage data given in the paper in connection with the application of a 
articular piece of apparatus, the protector tube, giving only the 
characteristics of tubes essential for this purpose. We quite agree 
with Mr. Rudge’s statement that protector tubes may fail to clear at 
voltages less than normal crest value which have a ‘‘too rapid rate of 
voltage rise.” The operation of a protector tube depends on the tube 
design and on the characteristics of the circuit. For example, tube 
_P-3 would fail at less than normal crest for the particular system con- 
sidered in figure 12, but tube P-1 would obviously give satisfactory 
operation for the same system recovery voltages. More data is 
available on the characteristics of protector tubes but this is not 
believed to be pertinent to the present discussion. 

Mr. Prince seems to have misinterpreted our discussion on the ap- 
plication of the data in that he infers that we believe the pertinent 
point in the recovery-voltage problem is the maximum voltage crest 
and corresponding time. The basic factor to be considered is the re- 
lation of the complete curve of system recovery voltage and the com- 
plete curve of insulation recovery voltage. However, the com- 
plete curve is rarely needed and usually the conditions may 
be defined by a few critical points usually describable as first crest 
and maximum crest. We wish to emphasize the fact that these criti- 
cal points must be given in terms of voltage magnitude and time, or 
some pair of related quantities, and cannot be given in terms of a 
_ single quantity such as the rate of rise of recovery voltage. 

; Mr. Prince inquired as to the method of obtaining insulation re- 
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covery curve of the protector tubes of figure 12. The points were ob- 
tained by measuring the voltage and time on cathode-ray oscillo- 
grams when restriking occurred. Therefore, as stated by Mr. Prince, 
if the system recovery voltage curve crosses the insulation recovery 
curve, failure will occur at the point of crossing. 

Mr. Weygandt has made an interesting suggestion to replace the 
equivalent network used in recovery voltage studies by a “‘reciprocal’’ 
network in order to avoid the effects of stray capacitance. This is 
not, however, an important limitation of the a-c calculating-board 
method. ‘This is due to the fact that it is usually possible to select 
an equivalent network using high values of capacitance and still ob- 
tain the desired natural frequencies. An alternative method is to use 
different ratios of fundamental to natural frequencies as explained in 
the closing discussion of our previous paper (see ELecrricaL EN- 
GINEERING, October 1937, page 1311). It is also important to retain 
the advantages inherent with the present procedure which permits 
obtaining in a straightforward manner the transient effects due to the 
application of a fault and its clearing as well as the effects of subse- 
quent restrikes. 

We agree with Mr. L. G. Smith that when a broad knowledge of the 
characteristics of recovery voltages of systems is obtained and when 
more data on the performance of protector tubes becomes available, 
a more scientific application of protector tubes will become possible 
and this in turn will eventually lead to a simplification of the applica- 
tion procedure. 
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Critical Conditions in Ferroresonance 


By P. H. ODESSEY 


ASSOCIATE AIEE 
Introduction 


engineering problems has become increasingly im- 

portant from both theoretical and practical con- 
siderations. While much progress has been made in the 
general study of ferroresonance, treatment is lacking in an 
accurate description of, perhaps, the most interesting part 
of the phenomena, namely, the so-called critical points at 
which the current suddenly changes in value. From a 
practical viewpoint, it is this characteristic property that 
makes ferroresonant circuits useful as sensitive elements 
in relay and control apparatus. Accordingly, there is a 
definite need for simple quantitative information that com- 
pletely predetermines the behavior of the circuit under 
critical conditions and specifies the required circuit param- 
eters in terms of known quantities. 

Of the various methods employed in the study of ferro- 
resonance, the method of graphical solutions presents it- 
self as the most flexible and gives a somewhat better physi- 
cal picture of the phenomena. On the basis of this 
method, a simple rule is proposed for the criteria of sta- 
bility which uniquely determines the critical conditions and 
permits analytic development of simple formulas defining 
the critical quantities. An interpretation and discussion 
of equations bring to light several interesting aspects of 
the phenomena and point to inaccuracies of previous 
methods. Various applications of the theory are given. 


To APPLICATION of “‘ferroresonant”’ circuits to 


Review 


The ferroresonant circuit consists of elements of resist- 
ance and capacitance connected in series with an iron- 
core inductance. In the study of ferroresonant circuits 
with a-c applied voltage, rigorous mathematical treatment 
has been found practically impossible. With certain sim- 
plifying assumptions, however, solutions®*” have been given 
which serve in a general sense to describe the nature of the 
phenomena. Essentially, the methods followed in treat- 
ing the series circuit (figure 1) require the determination of 
a functional relationship between the current and the in- 
ductance of the iron-core reactor. Under the assumption 
of sinusoidal variation of current, a continuous voltage 
characteristic is obtained from the well-known circuit equa- 
tion, 


E=I1 yet (or -3) ,»L= OJ) (1) 
wl 


Several theoretical characteristics are given in figure 2 
showing the influence of resistance and capacitance. To 
attach meaning to the multivalued curves thus obtained, 
the region in which the voltage decreases with increase of 
current is designated as unstable since it is physically un- 
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attainable. At the extremities of this region therefore, 
an abrupt change in current takes place as indicated by 
the dotted lines. The points of sudden transition of cur- 
rent are defined as critical points (1, 2). 

It is of particular interest to note that the analytical . 
method provides no means for determining the critical 
points except by the graphical procedure just outlined. 
Furthermore, it would appear that the critical points (2) 
associated with the collapse of current are bounded by the 
resistance line (JR) since the variable impedance has a 
minimum value equal to the resistance. This relation, 
however, is at most approximate and does not hold in 
general. 

The method of graphical analysis, first introduced by 
Stark,‘ is advantageous because of its simplicity. In this 
representation, the volt-ampere characteristics of the re- 
actor (E, = f()) and the condenser (E, = I/(wC)) are em- 
ployed to determine graphically the variation of the re- 
sultant reactive voltage which is given by the difference of 
ordinates (figure 3). The results are then applied to a 
modified form of equation 1, 


E= yn (2: - =.) (2) 


and operating characteristics similar to those in figure 2 
are obtained. 

A refinement of this method, due to Rouelle,” requires 
the separation of the reactor voltage into active and re- 
active components on the basis of fundamental frequency. 
A predetermination of the operating characteristics shows 
good agreement with experimental results; but just as in 
the previous case, the critical points are not defined. 


Method of Graphical Solutions 


Historically, the method of graphical solutions repre- 
sents one of the earliest attempts to explain the multi- 
valued character of ferroresonance and was introduced by 
Bethenod! in a brief treatment on the ideal circuit. The 
method was later extended to the general circuit by Mar- 
gand® whose interpretation uncovered several important 
facts, particularly concerning stability. There remain, 
however, a few considerations that need amplification in 
order to arrive at a better understanding of the critical 
conditions. 

The graphical solution for the series ferroresonant cir- 
cuit (figure 1) follows from two independent relations for 
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reactor voltage; namely, the volt-ampere characteristic of 


the reactor, 


and the circuit equation (assuming sinusoidal quantities) 


By = = VE UR + (a) 

In the right-hand member of equation 4, the expression 
under the radical represents an ellipse whose principal axes 
have values E and E/R, respectively. The second term is 
a straight line through the origin having a slope 


1 
tan y = oe (5) 


The sum of the two terms is an ellipse (a fact that may 
be readily ascertained) whose intersections with the re- 
actor characteristic are the graphical solutions for current 
(points 1, 2, and 3 infigure 3). The representation in this 
form because of its component nature permits a simple 
graphical study of the circuit characteristics with a varia- 
tion of any of the parameters. To avoid ambiguity of 
multiple current values, however, it is necessary to dis- 
tinguish the real or stable solutions from the unstable solu- 
tions. 


Stability of Current Values 


In the previous methods outlined, the question of sta- 
bility of certain current values arose as a result of the cur- 
rent-voltage relations obtained theoretically. The por- 
tion of the curve that was found experimentally nonexis- 
tent was classified as unstable, and the curves were modi- 
fied accordingly to account for the characteristic discon- 
tinuity (dotted lines in figure 2). The method of graphi- 
cal solutions, on the other hand, provides a means to test 
the stability of the individual solutions and gives, there- 
fore, a better physical picture of the related phenomena. 

It was not until Margand’s treatment appeared that a 
reasonable explanation was given concerning the sta- 
bility of the various points. He showed that points 1 and 
2 (figure 3) represented stable solutions, whereas point 3 
represented an unstable solution. The following reasons 
are the basis for this distinction. 

Suppose that to leave a stable point, the current sud- 
denly changes by anamount AJ. The effect of this change 
upon the circuit may be studied from the relation, 


Vi 2 
= [0 = =| 


If the quantity [f(Z) — I/wC] increases in magnitude 
with a slight increase of current, then (RI)? tends to de- 
crease in accordance with equation 6. The sense of varia- 
tion of (RI)?, however, is opposed to the assumed change 
of current; therefore, the point is indicative of a circuit 
condition in favor of stability. If on the contrary [f(/) — 
I/wC] decreases in magnitude with increase of current, 
(RI)? tends to increase, indicating a sense of variation 
similar to that of the current. Under this condition, the 
current continues to increase, and the point is character- 


(RI)? = E? (6) 
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ized as unstable. In a corresponding manner, the same 
argument could be advanced if the current were assumed 
to decrease slightly. 

The stability of the various points may be established 
by observing graphically the variation in magnitude of 
the quantity [f(7)—I/wC] as shown by the hatched ordi- 
nates in figure 3. Thus, point 3 corresponds to an un- 


Figure 1. Ferroresonant L= (1) C A 
circuit eee 
ia) 
E 
Figure 2. Volt- 
age as a function 
of current 


stable solution since [f(7) —I/wC] decreases with increase 
of current. The opposite is true for points 1 and 2, hence 
these are stable solutions. 

While the foregoing principle permits a distinction be- 
tween stable and unstable current values, there appears 
to be an inconsistency concerning the limiting conditions. 
For example, take the case where capacitance is the only 
variable parameter and observe graphically the conditions 
for the limit of stability. At point 1 the limit of sta- 
bility takes place when the reactor characteristic and the 
ellipse are tangent to each other, but at point 2, it occurs 
when the condenser line (J/wC) intersects the reactor 
characteristic at the maximum value of current, H/R 
(figure 4). Consequently, with further increase of capaci- 
tance, point 2’ which defines a current value less than 
E/R should be unstable according to the above principle 
of stability. This, however, is contrary to experience, 
since it has been observed that the current may decrease 
considerably beyond the maximum value before insta- 
bility occurs (see figure 15). Margand’s explanation does 
not account for this effect since it is based upon the aggre- 
gate effect of the squared quantities in equation 6, thus 
concealing a change of sign. More specifically, the criteria 
for stability should be based upon the points of inter- 
section of the two curves in such a manner that each 
portion of the ellipse as divided by the condenser line is 
properly expressed with respect to sign. As a modifica- 
tion, therefore, the following rule is proposed. 
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Figure 4. 


Figure 3. Graphical solutions of ferro- 
resonant circuit 


With respect to intersections of the reactor characteristic 
and the upper part of the ellipse, the graphical solution is 
given by 


f(D) = + VE*— (ER)? + “ (7) 


Any such point is stable if, for a slight change in cur- 
rent, f(Z) correspondingly changes at a greater rate than 
the right hand member of (7), taking cognizance of the 
sense of variation of current. Thus, for an increment of 
current, the ordinate of the reactor characteristic must be 
greater than that of the upper part of the ellipse, and less, 
if the current is assumed to decrease slightly. 

For intersections associated with the lower part of the 
ellipse, the graphical solution is given by 


Fi N/E = (8) 


and the conditions for stability are reversed. In this case 
a point is stable if the right hand member of (8) changes 
at a greater rate than f(/) corresponding to an assumed 
deviation of current. 

An application of the proposed rule will show, as before, 
that points 1 and 2 are stable, and that point 3 is unstable. 
Unlike the conclusions reached from Margand’s principle, 
these points retain the same identity throughout their 
entire range of existence. For example, point 2’ (figure 4) 
which was previously found to be unstable, is according 
to the rule (7) a stable point. Furthermore, the limit- 
ing conditions for the stable points are geometrically simi- 
lar, namely, common tangency of ellipse and reactor char- 
acteristic (Margand, in a later paper,! calls attention to 
this fact as a “‘peculiarity,’’ but without giving an ade- 
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CURRENT 


PEE Figure 5. Graphical method of obtain- 
ing circuit characteristic, current as a 


function of voltage 


quate explanation). At this point the conditions for 
stability and instability simultaneously exist, and a slight 
variation of the parameters in the proper direction will 
cause a sudden change in current. Graphically, this 
means that points 1 and 2 are related to the critical condi- 
tions of sudden increase and decrease of current, respec- 
tively. 


Circuit Characteristics 


To demonstrate the method of graphical solutions in the 
study of circuit characteristics, a few illustrations will now 
be given. The current as a function of capacitance may 
be obtained by observing the resulting intersections of the 
ellipse with the reactor curve as the ellipse is rotated clock- 
wise with increasing capacity, having always a vertical 
tangent at H/R. (The variation of point 3 is unnecessary 
to observe and is therefore excluded.) If reference is made 
to figure 4, it is clear that the current, defined by point 
2 for small values of capacitance, first increases continu- 
ously to a maximum and then decreases until the limit of 
stability is reached (point of tangency), beyond which the 
current suddenly falls to a low value defined by point 1. 
With further increase of capacitance, the current decreases 
slowly approaching a constant value. Upon diminishing 
capacitance, the current retraces the same path in the re- 
gion of low current values and goes beyond the previous 
point of collapse, since now point 1 is established and - 
governs the value of current until the point becomes un- 
stable. This will occur when the ellipse is tangent at the 
knee of the reactor curve, at which point the current sud- 
denly increases to a value defined by point 2. Thereafter 
with further decrease of capacitance, the original curve 
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ns followed. The complete characteristic is similar to 
those shown in figure 15. 

In addition to the current, the reactive voltages may be 
determined simultaneously by the same process on ac- 
count of the component nature of the graphical solution. 
Furthermore, as Riidenberg* has shown, the intersections 
associated with the upper and lower parts of the ellipse 
are related to lagging and leading power factor, respec- 
tively. The effect of resistance may be observed by vary- 
ing only the major diameter of the ellipse. If the resist- 
ance is sufficiently large, instability is impossible, and a 
_ single continuous curve is obtained. 

The variation of current as a function of voltage may be 
studied by observing intersections when both major and 
minor diameters of the ellipse change while the resistance 
and capacitance remain constant. With reference to 
i figure 5, it is clear that with rising voltage, the current first 


| increases slowly, then jumps suddenly to a high value ° 


(point 2’), and increases continuously thereafter. Upon 
decreasing the voltage, the current decreases until in- 
stability is reached and then falls to a low value. Curves 
of the same form as those in figure 2 are obtained. 

The current as a function of frequency may be ade- 
quately described in a relatively simple manner if the re- 
actor voltage is assumed to be directly proportional to 

- fundamental frequency, that is, 


E, = wF(I) (9) 


The graphical solution then takes the form 


RD) = = ~ VE — OR + (10) 
w @ 
and the procedure for determining the operating charac- 
teristics is analogous to the previous illustrations. In this 
case, the curve F(J) is constant for all frequencies, whereas 
both components of the ellipse vary inversely with fre- 
quency. 

The foregoing examples are indicative of the flexibility 
of the method of graphical solutions. Although the proc- 
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ess of obtaining the circuit characteristics is, from a prac- 
tical viewpoint, tedious, the presentation gives an unusu- 
ally clear picture of ferroresonant phenomena.  Intrinsi- 
cally, however, the value of the method lies in the study of 
critical conditions. 


Critical Quantities 


On the basis of the proposed rule, the limit of stability 
is uniquely defined by common tangency of ellipse and re- 
actor characteristic. In the region of low current (point 
1) this condition is possible only in the neighborhood of the 
knee of the characteristic; hence, the range of critical cur- 
rent values is small. On the other hand, in the region of 
high current (point 2) the range of critical current values 
is considerably greater since tangency may occur any- 
where along the curve beyond the knee. With these 
general concepts, the character of critical quantities may 
be analytically determined. The following treatment 
deals with point 2, but the results may be applied equally 
to point 1. 

Since, for instability to occur, the ellipse and the reactor 
must have a common tangent, the intercept of this tan- 
gent on the voltage axis #;, (figure 6) may be expressed as 


dE, 
wT 
also 
dE, 
—_—_ = tana 
Al's 


where E,, and J, are the critical values of reactor voltage 
and current at the point of tangency, and tan a, the slope 
of the tangent. 

Employing equation 4, £,, and (dE,/dI), may be 
evaluated. Thus 


E; = Era — (11) 


(12) 


4+ WE? — (IR)? + <8 (13) 


Era = 
dE, a —RI, 1 
Cie A/F IR) el 


Inserting (13) and (14) in (11) and solving for the cur- 
rent, we have 


(14) 


(15) 


The critical capacitance is determined by means of (12), 
(14), and (15), hence 


1 


i cae SE 


By making use of the expressions for current and capaci- 
tance the reactive voltages are obtained. 


E E \z/tan a E;\? 
Bia EVE + 1-(Z)( + (2) -1)} a7) 
BN (ts Ei\? _ 
bos ® yi (EY (“+ AE) -1) 


TRANSACTIONS 447 


(16) 


Ca = 


(18) 


Within the limits of assumptions (fundamental fre- 
quency), these equations describe the behavior of the 
critical quantities as functions of the applied voltage, cir- 
cuit resistance, and characteristic constants of a given 
iron-core reactor. 


Discussion of Equations 


A. Rk8GION oF HIGH CURRENT 


In the region of high current characterized by the satu- 
rated portion of the reactor characteristic, only the critical 
conditions for sudden decrease of current exist and are de- 
scribed graphically as the limit of stability at point 2. 
As this portion of the curve does not include all possible 
values it is evident that critical quantities related to this 
point can be defined only within certain limits of applied 
voltage and circuit resistance. By defining J) as the 
minimum critical current (theoretically, the point at which 
the tangent leaves the characteristic), the limits of voltage 
and resistance may be determined by means of equation 15 
as follows: 


(19) 


Solving for the voltage, 


for which 


(20) 


Ei 
IR SSS 
2Io 
in order to obtain a real result. Equation 20 gives two 
values of voltage, and the limiting case occurs for maxi- 
mum resistance. 


E; Ej 
Rnaz = a Emaz = Emin = 5 (21a) 
R—-+>0 Breve => JE, Bie, — Ss 0 (21b) 
A LJ 
24 = =| 5 T si- { 
[| : |_| 
| | 
20 + wi + + — 
"37 | | 
+ gt f | =e 
y | 
6 L ft =a 
| { ' 
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Figure 7. Critical current as a function of voltage. 
resistance: A, 3 ohms; B, 6 ohms; C, 9 ohms 
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Between these limits of applied voltage and resistance 
instability is possible, and the value of the critical cur- 
rent will be given by (15). It is to be recognized that the 
above limits are general, and determinate only for the 
linear portion of the reactor characteristic where £; is 
practically constant for a wide range of current values. 
The maximum critical current is found in the usual manner 
by differentiation, that is 


giving 


E; 


E; 
183, = 7q7 Tamax = oR (22) 


Curves showing the variation of critical current as a 
function of applied voltage and resistance for the saturated 


Figure 8. Critical 
current as a func- 
tion of resistance 
applied voltage; 
A, 20 volts; B, 40 
volts; C, 60 volts; 
D, 106.8 volts’ 
E, 130 volts 
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portion of the reactor curve (figure 12), neglecting core 
losses, are given in figures 7 and 8. These curves give a 
remarkable insight into the phenomena of ferroresonance 
and call attention to an interesting fact. Contrary to the 
results of previous methods, the envelope of critical cur- 
rent is not a straight line coinciding with the (IR) line, 
but a curve having a maximum and dependent upon the 
values of voltage and resistance. An examination of the 
experimental curves (figure 9) given by Rouelle” illus- 
trates this point well. 

From consideration of the equation for critical capaci- 
tance, it isevident that the working region in this particular 
case must be limited in a manner corresponding to the cur- 
rent. Since a single value of capacitance will not suffice, 
a set of limiting values corresponding to the minimum 
critical current is determined from the limiting values of 
voltage and resistance obtained from the curves of critical 
current. Figures 10 and 11 show the variation of critical - 
capacitance as a function of voltage and resistance; the 
limiting curves are drawn dotted. 

For practical purposes, in applying the equation for 
critical capacitance, an effective angular frequency (w!) is 
introduced in place of (w) to account for the presence of 
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Figure 10 (right). 
Critical — capaci- 
tance asa function 
of voltage. Cir- 
cuit resistance: 
A, 3 ohms; B, 6 
ohms; C, 9 ohms. 
Frequency, 60 
cycles per second 


10 15 
CURRENT~ AMPERES 


Figure 9. Voltage as a function of current: frequency, 50 
cyles per second, resistance 5.2 ohms, capacitance, A, 
microfarads E, 110 microfarads; F, 126 microfarads; G, 
131 microfarads. U’, active component of voltage (ex- 
perimental results of Rouelle, R. G. E., 1934, page 728) 


harmonics. Although the variation of harmonic com- 
ponents of current in ferroresonant circuits is extremely 
complicated, it has been found that for values of current 
in the vicinity of breakdown, an effective angular fre- 
quency computed from measured values of current, capaci- 
tance, and condenser voltage (w' = J/E,C) is strikingly 
uniform. In a circuit having a fundamental frequency of 
60 cycles per second, the average over a wide range of 
values of current and capacitance gives 


wt 
— = 1.24 
Ww 
with a maximum deviation of less than two per cent. For 
extremely small values of current (point 1), a ratio about 
nine per cent less is suitable. 

Concerning the factors involved in the formulas, the 
evaluation of circuit resistance is, perhaps, the most im- 


Figure 11. Critical 
capacitance as a 
function of circuit 
resistance. Ap- 
plied voltage: A, 
60 volts; B, 80 


volts; C, 106.8 
volts; D, 120 
volts; E, 140 


volts; frequency, 
60 cycles per 
second 
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portant. In addition to the series resistance, considera- 
tion must be given to the apparent resistance of the reactor 
which takes into account the iron losses. This quantity 
changes both with the degree of saturation and wave form, 
and it is therefore necessary to have a measure of the varia- 
tion if accuracy is to be attained. 
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As an approximation, it is convenient to determine ap- 
parent resistance on the basis of fundamental frequency. 
The method employed, similar to that of Rouelle,” re- 
quires power measurements on the reactor with sinusoidal 
voltage applied. Since under these conditions the average 
power indicated by the wattmeter is related only to funda- 
mental quantities, the apparent resistance may be defined 
accordingly as 


ee 


Ra == 
A T? 


(23) 
where P is the average measured power and J;, the funda- 
mental component of current at a given value of applied 
voltage. The variation of apparent resistance and the 
corresponding fundamental voltage drop (4R,4) as a 
function of effective current are shown in figure 12. The 
latter quantity is important because in the application of 
equation 20, total resistance voltage drop required is prop- 
erly expressed as the sum of the series (external) and the 
apparent resistance voltage drops. Since the apparent 
resistance is determined on the basis of fundamental fre- 
quency, it follows that the same conditions must be ob- 
served for the corresponding voltage drop. 


B. REGION oF Low CURRENT 


In the region of low current characterized by the non- 
linear portion of reactor characteristic, critical conditions 
for both sudden increase and decrease of current are theo- 
retically possible. It is necessary therefore, in applying 
the formulas to determine in what manner the results are 
related to critical points 1 and 2. In general, it may be in- 
ferred from graphical analysis that for point 1, the critical 
current increases continuously with voltage, whereas, for 
point 2 a free variation is possible. 

Due to the variability of the apparent resistance and the 
characteristic constants in the nonlinear region, it is ad- 
vantageous to choose current as an independent variable 
in order to make a theoretical investigation of critical con- 
ditions. For this purpose, equation 20, which gives the 
voltage as a function of current may be employed. Ob- 
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Figure 12. Properties of reactor: A, volt-ampere curve; 
B, apparent resistance; C, apparent resistance voltage drop 
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viously two values of voltage are possible for every value 
of current, but only one of these may be associated with 
point 1 if it exists, the other with point 2. The existence 
of a critical point 1 depends upon the value of current and 
resistance in such manner that the voltage given by (20) 
(positive sign) increases continuously with critical cur- 
rent. This means that only a certain set of critical cur- 
rent values can be defined by this point, and its range, 
therefore, must be determined by the limiting conditions 
which are fixed by minimum and maximum values of 
critical current. With respect to the minimum value the 
limits of applied voltage and resistance are bound by the 
same restrictions as in the previous case (21a), but are of 
an indeterminate nature. For the maximum value, these 
limits are likewise indefinite and can be found only by 
successive computation; it is the point at which the volt- 
age ceases to increase with critical current (upper limit- 
ing value). For critical current values greater than this 
_ maximum, both values of voltage given by (20) are clearly 
associated with the critical point 2. Consequently, the 
locus of critical current with respect to voltage determined 
for the nonlinear region of the reactor characteristic in- 
cludes two distinct portions according to the type of criti- 
cal condition. 

Curves showing the variation of critical current as a 
function of voltage, taking into account apparent resist- 
ance of the reactor (figure 12), are given in figure 13. The 
solid and dotted portions of the curves are related to 
critical points 1 and 2, respectively; the dividing line X Y 
is the envelope of limiting values of voltage between which 
both types of critical conditions are possible. The cor- 
responding curves for critical capacitance are given in 
figure 14. 

The general form of these curves discloses several in- 
teresting properties of ferroresonant circuits. Although 
the abrupt changes in current have been observed to occut 
alternatively as a pair, the curves give evidence of a possi- 
bility of achieving only breakdown of current at low values 
of voltage beyond the limiting value without the corre- 
sponding sudden increase of current. Another interesting 
feature is that critical current in the region characterized 
by point 1 increases with resistance, although not appreci- 
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ably except at higher voltages. Likewise, critical capaci- 
tance changes only slightly with increased resistance. In 
this case, however, there is a nonuniform variation which 
may be ascribed to the effect of apparent resistance. 
These families of curves, together with those previously 
discussed form the complete envelope and illustrate the 
typical variation of the critical quantities. 


Application of Theory 


The ferroresonant circuit presents to the engineer a wide 
variety of possibilities that are useful in relay and control - 
problems. The extent to which these may be utilized is 
apparent from the circuit properties shown in the preced- 
ing curves. In this connection, therefore, it is intended 
only to suggest what might be done and to give some illus- 
trative examples. 

1. Suppose it is desired to design a ferroresonant cir- 
cuit such that for a given value of series resistance the 
maximum change in current occurs when the circuit be- 
comes unstable. 

If, for example, the case of breakdown of current is con- 
sidered, the necessary conditions are defined by (22) in 
which £; is the only unknown quantity. Assuming that 
the critical current is related to the saturated portion of 
the volt-ampere curve of the reactor, the intercept value of 
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Figure 14. Varia- 
tion of critical 
capacitance in 
region of low cur- 
rent. Series re- 
sistance: A, 0 
ohms; B, 9 ohms; 
C, 15 ohms; D, 
25 ohms; fre- 
quency 60 cyles 
per second 
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| t 1e tangent is, from figure 12, H, = 151 volts. Thus, if the 
series resistance, R, = 9 ohms 

PPE At51 

= oR = =r = 8.38 amperes 

At this current value, the apparent resistance of the re- 

actor is, R, = 1 ohm, which is to be added to the series 

resistance. Since FE; is about the same as before, the 

corrected value of current becomes 


151 


ae ie 
30 55 amperes 


lamar = 


and the required applied voltage 


E, _ 151 

= Va = V3 = 106.8 volts 

The required circuit capacitance is given by (16) in 
which w’ = 468 radians per seconds (f = 60 cycles per sec- 
ond, w’/w = 1.24); further corresponding to E,, tan a = 
2.7 ohms. Thus, 


1 
~ 468(2.7 + 10) 


E 


Ce = 168 microfarads 

If, instead of breakdown, circuit instability with respect 
to the sudden increase of current were considered, the ap- 
plied voltage necessary for the maximum change of cur- 
rent is somewhat higher than in the previous case. Evi- 
dence of this fact is given in figure 9, curvee. To make the 
computation, therefore, it is only necessary to select a few 
current values about the knee of the volt-ampere curve 
that gives by means of (20) a value of voltage about ten 
per cent higher than in the previous case. This solution 
also determines the proper characteristic constants to be 
used in the equation for critical capacitance. 

2. Suppose that it is desired to design a ferroresonant 
circuit that is sensitive to small changes in voltage yet 
single valued in character (for example, curve g, figure 9). 

As this condition is related to the upper limiting value of 
voltage (figure 13), it is necessary to compute several 
values of voltage by means of (20) corresponding to cur- 
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capacity. Series resistance: A, 3.88 ohms, B, 5.02 ohms; 
C, 6.65 ohms; D, 9.9 ohms; E, 14.75 ohms. Applied 
voltage, 121 volts; frequency 60 cycles per second 
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rent values selected above the knee of the volt-ampere 
curve. The required value is that for which the voltage 
becomes a maximum with respect to current. 

For example, let R, = 150hms. Take J = 1.5 amperes 
then from figure 12, EZ, = 127 volts and ,\R, = 22 volts; 
(ZR) tota: = 22.5 + 22 = 44.5 volts. 


From (20) 
127 89 \2 
E=—=W@1 a | eS orvolts 
V2 a \ (=) 
Similarly, 
I =2 amperes, E = 123 volts 
J = 2.5 amperes, E = 123.5 volts 
I=8 amperes, E = 122.5 volts 


Hence, the required voltage is 123.5 volts and the corre- 
sponding constants are: EH, = 137 volts, tan a = 5.75 
ohms and R, = 7 ohms 


therefore, 
1 


ee epee ace ed 
408 (5.75 any. \ pill hal 
123.5 


3. In the general problem, we are concerned with the 
determination of critical current and capacitance for a 
given value of applied voltage and series resistance. For 
this case, the results of experiments on a ferroresonant cir- 
cuit employing a given reactor are available (figure 15) 
so that a quantitative check on the theory may be ob- 
tained. 

For example: E = 121 volts, R, = 6.65 ohms (experi- 
mental values). Neglecting the apparent resistance of the 
reactor, a trial calculation is made using the value of in- 
tercept voltage, EH, = 151 volts, determined from the linear 
portion of the volt-ampere curve of the reactor. Thus 
from (15) 


= 131 microfarads 


121 


Lom a ae eee 10.9 
«= 665 Lo = 10.9 amperes 


151 


For this value of current, H, is about the same as as- 
sumed above and R, = 0.95 , so that the total series re- 
sistance becomes 7.60 ohms. The corrected value of criti- 
cal current is therefore 


121 \2 
1- = 9.53 amperes 


121 
Ig = a= 
151 


ans 
From test it is found (see curve c, figure 15), J, = 8.9 
amperes. 


Computing the critical capacitance (f = 60 cycles per 
second, w’ = 468 radians per second, tana = 2.7 ohms) 


1 


Ca = ———— = 255 microfarads 


2 
468 (27 5. 764) 161\" _ :) 
121 


From test, C, = 238 microfarads 


The errors in both cases are seven per cent, approxi- 


mately. 
To find the critical current for the point of sudden in- 


crease, it is convenient to employ equation 20 and make a 
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Figure 16. Comparison of measured (solid curves) and 
computed (dotted curves) values of critical current and 
capacity as a function of series resistance 


few trial substitutions of current values. This is necessary 
since the characteristic constants change sharply with cur- 
rent about the knee of the volt-ampere curve of the reac- 
tor. The solution is given when the calculated voltage is 
equal to the applied voltage. Since the proper characteris- 
tic constants are now available, the calculation of critical 
capacitance follows directly. 

Without going through the computations, reference is 
made to figure 16 in which a comparison of measured and 
calculated results is given. The error between these val- 
ues is confined within reasonable limits and is due primarily 
to the presence of harmonics, particularly in the reactor 
voltage, which influence the value of apparent resistance. 


Conclusion 


The calculation of critical quantities by means of the 
given formulas is quite simple, although in some instances 
preliminary computation is required. In any case, the 
trial substitutions are made with respect to one quantity, 
and having once determined this quantity, the correspond- 
ing critical values of all the other quantities may be readily 
calculated. This method of obtaining critical quantities 
is obviously much superior to previous methods which re- 
quire the determination of families of curves, as in figure 2, 
from which the desired information is then obtained. 

In the study of critical conditions in ferroresonance, this 
investigation has demonstrated that the characteristic dis- 
continuities of current are not isolated phenomena, but are 
directly related and occur under parallel circumstances. 
The principles governing stability and instability have 
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been clearly set forth in the proposed rule for stability, and 


as a consequence, simple formulas defining critical quan- | 
tities have been obtained. The rule for stability may also 
be applied in more complex problems such as the influence 
of superimposed d-c excitation upon ferroresonance. Criti- 
cal conditions, as we have seen, are not only dependent 
upon the properties of the reactor, but also upon the ap- 
plied voltage and resistance. These facts make for a clear 
understanding of ferroresonant phenomena and enable the 
engineer to design circuits to operate under optimum con- 
ditions. 
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By EDITH CLARKE 


MEMBER AIEE 


Introduction 


N CASE of unbalanced faults on power systems, the 
voltage on the unfaulted phase or phases may often 
reach very high values. There may be an overvoltage 
caused by the short circuit itself and a further overvoltage 
caused by the clearing of the fault. In the present paper 
only the first type will be discussed. These unfaulted 
phase overvoltages may vary widely with the type of 
fault, the system constants and arrangement, and the kinds 
of synchronous machines affected. However, in faults 
not involving ground the presence of overvoltages depends 
on the fact that the synchronous machines supplying the 

fault current are not electrically symmetric-rotor ma- 
chines. Thus, these overvoltages may be largely elimi- 
nated or reduced by a properly designed amortisseur wind- 
ing. Even in case of overvoltages caused by faults in- 
volving ground there is a considerable reduction with 
such an amortisseur winding. 

Purely from the standpoint of reducing overvoltages it 
is evident that such rotor windings are very desirable, and 
it is advisable to examine carefully each particular case 
in order to determine how far in the direction of the ideal 
amortisseur it is economically desirable to go. It is the 
purpose of this paper to present comparative information 
on overvoltages caused by one type of fault on a salient- 
pole synchronous machine with various kinds of amortis- 
seur windings in order to provide one basis for evaluating 
quantitatively the relative merits of the different types of 
amortisseur windings. The qualitative effects are of 
course already known. Mandl! has made an extended 
study of overvoltages caused by single-phase short circuits 
with terminal capacitance and has shown the existence of 
resonant points and the possibility of obtaining high 
voltages on the unfaulted phase of machines with electri- 
cally unsymmetrical rotors. Wagner? has recently made 
an experimental study of similar cases. Doherty and 
Nickle? have shown that the magnitude of open-phase 
voltage during single-phase short circuit of an open-cir- 
cuited machine is a function principally of the ratio of 
quadrature-axis reactance to direct-axis reactance, while 
Park and Skeats‘ have similarly shown how this ratio 
affects recovery voltage. A later investigation’ of double 
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line-to-ground faults has given expressions for the open 
phase voltage for that case. The present paper takes 
into account more exactly than has hitherto been done 
the effects of amortisseur windings and of connected ter- 
minal capacitance and gives quantitative overvoltage 
data over a range of machine and system constants. 

The practical importance of the study is brought out 
by lightning arrester and bus failures which could 
not be reasonably explained except by the high dynamic 
voltages described in this paper. In one case tests 
made subsequent to a failure have definitely shown the 
source of trouble to be these voltages. 

In order to obtain the information reported here a de- 
tailed study of line-to-line short circuits on a synchronous 
machine connected to various capacitances and provided 
with many different designs of amortisseur circuits was 
made on the differential analyzer® at the Moore School of 
Electrical Engineering of the University of Pennsylvania. 
By means of the differential analyzer it was possible (1) 
to take into account most of the significant factors, the 
effects of which it would be practically impossible to 
calculate exactly and (2) to vary the machine and line 
characteristics easily over a wide range, which would be 
impossible in field tests. 

A line-to-line short circuit was studied since this may 
result in some of the highest overvoltages, and it was not 
primarily the object to study the effect of various kinds 
of short circuits but rather the effects of various kinds of 
amortisseur windings. 


Conclusions 


As a result of this study the following conclusions have 
been drawn. 


1. High voltages may appear on the unfaulted phase of a synchro- 
nous machine with unsymmetrical rotor during line-to-line short 
circuits. 


2. The principal determining factor for the magnitude of overvolt- 
ages caused by line-to-line short circuits is the ratio (xg”/xq") of 
quadrature-axis subtransient reactance to direct-axis subtransient 
reactance. This ratio is a function of the amortisseur characteris- 
tics. 

3. The maximum possible overvoltage caused by a line-to-line short 
circuit on an open circuited machine is given very closely by the 


formula’ 
=2-- -1 (1) 


4, The overvoltage may be considerably increased over the value of 
equation 1 by terminal capacitance, the worst condition arising when 
the capacitive reactance is approximately nine times the negative 
sequence reactance of the generator. The amount of increase of 
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this maximum possible overvoltage depends on the field and arma- 
ture short circuit time constants, being small when either or both of 
these quantities are small. For large waterwheel generators the 
field time constant is ordinarily very large and so may be assumed 
infinite with little error. On the other hand the terminal capacitance 
will ordinarily be that of a connected open transmission line and so 
will be accompanied by a somewhat increased armature circuit re- 
sistance which will tend to reduce the armature time constant and 
consequently the overvoltage. 


5. If a salient-pole generator is to be subject to the possibility of 
connection to an open transmission line of relatively large capacitance 
or of open circuited operation the ratio xg”/xq” should be kept 
within limits determined on the basis of permissible overvoltage. 


6. The overvoltage will in general be greatly reduced by connection 
of the salient-pole machine to a power system. 


7. The ratio x,”/xq”" may be determined by test from single-phase 
static impedance measurements. The ratio should either be 
measured at a current equal to the expected rms displaced single - 
phase short-circuit current or several points taken in order to extra- 
polate to this current. 


Description of System 


The system studied is shown in figure 1, the capacitance 
and series impedance being included to represent approxi- 
mately the effect of a connected transformer and open 
transmission line. 

The amortisseur circuits of the machine were repre- 
sented by two windings, one in the field axis of the rotor 
and one in the quadrature axis, the mutual inductance of 
the field, direct-axis amortisseur, and direct-axis arma- 
ture winding being a single quantity. The synchronous 
machine may therefore be represented by the equivalent 
circuits of figure 2, in which the machine characteristics 
are specified by the mutual and leakage reactances of the 
various windings. The field resistance was neglected, 
that is, constant flux linkages were assumed in the field 
circuit, since with the long field time constants of large 
synchronous generators the change of field flux linkages 
in the first few cycles after short circuit will be inappre- 
ciable and the short circuits will usually not last more 
than a few cycles. Also the effect of saturation was neg- 
lected in so far as it would tend to vary the reactance during 
the period of short circuit. However it is assumed that 
the reactances specified apply to saturation conditions 
corresponding to single-phase short-circuit current. The 
machine is assumed to conform to the theory of the ideal 
synchronous machine as defined by Park.’ 

The machine constants were taken as average values 
for salient-pole (waterwheel) generators, except for the 
constants of the additional rotor circuits, which were 
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varied over a wide range. The constants (see nomencla-— 
ture and figure 2 for definition of symbols) used in this 
study were, in per unit of the machine rating, 


xy = 0.20 l= 0.02 
Saas 
Xaa’ = SPS = 0.18, x4’ = 9.38 xq = 0.02 for cases 1-4 
Xad xy 
Xaq = 0.52, xg = 0.72 xq = 0.04 for cases 5-8 
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Cases 1 to 4 apply to amortisseurs with substantially 
symmetric leakage reactances, while cases 5 to 8 apply to 
amortisseurs with quadrature-axis leakage reactance sub- 
stantially twice those of the direct axis. Case 9 repre- 
sents a machine with no amortisseur. In all of these 
cases the series impedance (figure 1) consisted of a re- 
actance of 0.18 per unit and a resistance of 0.05 per unit, 
except as otherwise indicated. Also in cases 2 and 6 the 
amortisseur resistances were varied. 

The electrical system of figures 1 and 2 may be repre- 
sented by the set of simultaneous equations of appendix 
A, which were set up on the differential analyzer and 
solved for the unfaulted phase terminal voltage e,. 

In order fairly to compare the various types of ma- 
chines, overvoltages were determined for each machine 
over a range of capacitive reactance, corresponding ap- 
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proximately to transmission lines of various voltages and 
lengths. The range covered varied somewhat but was 
in general about 3 x. < x, < 30 x2, where x2 is the average 
of the direct- and quadrature-axis subtransient reactances 
including the external reactance. 


Results 


Figures 3 to 5 show some of the results obtained. On 
these curves are recorded the maximum voltage reached 
in the first four or five cycles following short circuit, as 
read from the curves of instantaneous voltage versus time 
plotted by the differential analyzer. 

It is seen that as a function of the ratio of line capacitive 
reactance to average generator subtransient reactance 
(or negative-sequence reactance) the overvoltage curves 
have the same characteristic shape for all machines. Volt- 
age peaks are observed at x-/xe = 9 and x,/x2 = 25, 
which correspond to series resonance of the line capaci- 
tance with the negative-sequence reactance for the third 
and fifth harmonics, respectively. 

Figure 3 shows how the addition of the amortisseur 
winding of case 6 reduces the maximum voltage to about 
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Figure 5. Over- 
voltage due to 
line-to-line fault 
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half of the value obtained with no amortisseur winding, 
and also the further reduction obtainable by the use of 
the amortisseur of case 2. This latter is particularly 
noticeable at the resonant point x,/x, = 9. The over- 
voltages obtained when line capacitance is not considered 
are indicated at the extreme right of the figure. Line 
capacitance is seen in general to increase the voltages 
obtained, especially when it is great enough to approach 
the point of third-harmonic resonance. 

Figures 4 and 5 show the effect of variation of the 
amortisseur leakage reactances. Figure 4 covers the 
range of amortisseurs with symmetric leakage reactances 
(cases 1-4), while figure 5 covers the range of unsym- 
metrical amortisseurs (cases 5-8). As would be expected, 
the low reactance windings are the most effective. As an 
indication of the relative effectiveness of the several amor- 
tisseur windings table I is given. 

The subtransient reactances include the external in- 
ductive reactance. The é column contains the maximum 
open-phase voltages obtained by the formula 


@=2~ -1 (1) 


of Doherty and Nickle,* neglecting capacitance and as- 
suming constant amortisseur flux linkage and_ short 
circuit at the instant of maximum flux linkage in the 
shorted phases. The e, column contains the maximum 
voltages found by means of the differential analyzer under 
the worst condition of connected external capacitance 
x,/x, = 9. The last column gives the ratio of maximum 
excess voltage (e, — 1) with capacitance to the excess volt- 
This ratio 
is seen to be very nearly a constant quantity since the 
armature time constant was not varied very much (7, = 
constant = 0.05) and the field resistance was constantly 
zero. Since the maximum voltage e, occurs several cycles 
after short circuit it will be somewhat reduced if allowance 
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Figure 6. Overvoltage due to line-to-line fault on salient- 
pole synchronous generator—effect of amortisseur resistance 


Case 6—x,/x2 = 9.9, X¢"/xa" = 1.21 
Case 2—xe/x2 = 10.6, xq"/xa" = 1.07 


is made for the decay of field flux linkage, while on the 
other hand the voltage e, which occurs in the first cycle, 
will not be appreciably affected. 

In general the overvoltages depend principally on the 
reactances X4', %,", %,; the effect of the resistances ry, 
Tig) Tq being of secondary importance except in the case 
of r, at or near one of the resonant points (particularly 
at x,/x, = 9). Figure 6 shows how at a particular value 
of line capacitance, and for the machines of cases 2 and 
6, the overvoltage is affected by changes of the amortis- 
seur resistances in the ratio of 32 to 1. For the cases in- 
vestigated, amortisseur resistance has evidently very little 
effect; there is a slight increase of overvoltage with in- 
creasing amortisseur resistance. 

The effect of line resistance 7, in reducing the magni- 
tude of overvoltage is seen in figure 7 for the machine of 
case 9 with a rather large line capacitance. The case of 
figure 7 is not a resonant condition, so that line resistance, 
unless very high, reduces the voltage only about 10 or 
20 per cent. At a resonant point the line resistance has 
much more effect, the voltage in some cases being almost 
inversely proportional to resistance. 

In figure 8 are given some typical voltage-time 
curves obtained. Inspection of these curves shows that 
the voltage consists principally of a term of fundamental 


frequency and one having the frequency V x,/x2, the latter 
corresponding to the ‘‘average natural frequency’’ of the 
series circuit formed by the unfaulted phase. That is, 
the frequency of the principal natural frequency term can 
be calculated with good accuracy by neglecting the fact 
that the machine has an unsymmetrical rotor and using 
the average of the direct- and quadrature-axis subtransient 
reactanices. 

Another point brought out by figure 8 and by the many 
other voltage curves taken is that with amortisseur wind- 
ings the voltages in the first few cycles, if the decay of 
field flux linkages is neglected, are only slightly if at all 
higher than the values during later cycles after the tran- 
sients caused by the amortisseur and stator resistances 
have died away. In fact, in the region where the highest 
overvoltages are likely to occur, i.e., near x./x2 = 9, the 
voltage requires several cycles to build up to its peak 
value, which occurs after armature transients have 
vanished. 
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The overvoltages were always highest for short circuit 
at the instant of maximum flux linkage in the shorted 
phases except near the third harmonic resonant point 
where there was no appreciable difference in overvoltage 
with angle. Therefore, after sufficient data were obtained 
to settle the question, all overvoltages were determined 
for short circuits at maximum linkage. 


Calculation of Overvoltages 


Consideration of the form of the voltage curves and of 
the rather small effect of rotor resistance leads one to the 
conclusion that for machines with amortisseur windings a 
good approximation to the voltage may be had by neglect- 
ing rotor resistances and also neglecting armature tran- 
sients. If this is done a relatively simple method of cal- 
culation is available (see appendix B), the results of which 
show approximate agreement with those found by the 
differential analyzer. Figure 9 presents a comparison of 
calculated and analyzer results for case 6. 


CASE 2,x§ /xg=1.07 


X¢/X2* 6.86 
Figure 8. Voltage-time curves determined by differential 
analyzer 
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Figure 9. Com- 
Parison of calcu- 
lated steady-state 
overvoltages with 
differential ana- 
lyzer results 

Case 6—x,"/xq" = 
1.21 


In the case of the synchronous machine with no amortis- 
_ seur windings (case 9) the armature transients had to be 
considered in order to obtain a reasonable check. Figure 
10 shows a curve of voltage versus time determined by the 
differential analyzer compared with a step-by-step solution 
of the equations of appendix B for r, = 0, x, = 5, and no 
amortisseur. The complete solution including armature 
transients has also been found analytically as explained 
in appendix B and points calculated by the formula de- 
veloped are shown on figure 10. 
Equations 8) and 9d of appendix B show that the volt- 
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Figure 10. Overvoltage following line-to-line fault on 
salient-pole synchronous generator 
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age is a function of the three ratios y/x, r/x, x,/x. 
is simply related to the ratio x,"/x," by the formula, 
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x Xa 


while x is very nearly the negative-sequence reactance %2. 
The voltage produced is thus a function of x,”/x,", the 
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Figure 11. Differential analyzer connections 
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armature short-circuit time constant x2/r, and the ratio 
x,/%2. Moreover, if only the maximum possible over- 
voltage obtainable is of interest, «,/x2 will always be very 
nearly 9, so the voltage is a function only of «,”/x," and 
x2/r. This however neglects all rotor decrement factors. 


Comparison With Test Results 


In order to check the results obtained by calculation 
and by the differential analyzer several tests were made. 
In general the maximum voltages recorded in test have 
been somewhat lower than those indicated by the ana- 
lyzer. This is believed to be principally because the ma- 
chines tested had rather low field time constants (about 
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one second open circuit). The rapid decay of field flux 
prevented the high build-up of voltage at resonant points 
so that the maximum voltage always occurred in the first 
two or three cycles. Three methods of comparing tests 
and calculated results were therefore used. One was to 
increase the voltage ordinates obtained in test oscillo- 
grams in inverse proportion to the field flux, another was 
similarly to decrease the analyzer curves or more simply 
to read the analyzer voltage peak at the point of maximum 
test voltage. Since the maximum voltage measured in 
test always occurred in a very short time it was not nec- 
essary to correct for field flux in the last method. 

Figure 12 shows a comparison of a curve of maximum 
test overvoltage with the overvoltage obtained by the 
differential analyzer in the same time. The overvoltage 
with no capacitance is also shown and compared with the 
calculated value. In this case the ratio (e, — 1)/(eo — 1) 
is 2.45/0.92 = 2.66 instead of about six as would be ob- 
tained with infinite field time constant and a lower arma- 
ture resistance. 

Figure 13 shows a comparison of test overvoltages ob- 
tained on the same machine with different amortisseur 
windings. It is seen that for x,”/x,” = 1.0 there is no 
appreciable overvoltage while for x,"/x," = 1.7 the voltage 
reaches 4.05 times normal at the third-harmonic resonance 
point. With no capacitance the maximum voltage is 
Z-oo.0 ere the ratio (e— 1) /(é5— 1) =" 3,05/1.32"= 2,3" 

Figure 14(c) shows the oscillogram from which the 
maximum overvoltage at the highest peak of figure 13 was 
obtained. The oscillogram shows line-to-line voltage 
while figure 13 shows line-to-neutral voltage, so the ratio 
of voltage after short circuit to voltage before short 
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circuit read from the oscillogram is 0.866 times the ratio 
plotted in figure 13. A few other typical oscillograms are 
also given in figure 14. 

In the tests it was found that the values of subtransient 
reactance to be used in computing overvoltage could be 
determined most easily and accurately by a static single- 
phase impedance test. Figure 15 shows the test ratios 
for the machine of figure 13. The high ratio is seen to be 
affected by saturation and the value used in checking the 
test overvoltage curves was that corresponding to the 
calculated offset root-mean-square single-phase short- 
circuit current. The tests shown in figure 13 were taken 
at reduced voltage. For short circuits at full voltage 
the ratio x,"/x," is about 1.5 and the overvoltage is cor- 
respondingly reduced. 


Discussion 


A. THE RATIO x," /x4" 


It has been brought out above that overvoltage is prin- 
cipally a function of the ratio x,"/x,"._ However, except 
for faults directly at the machine terminals there will be a 
reactance in series with the machine reactance. There- 
fore, in these cases a low average subtransient reactance 
is also desirable since for the same ratio x,”/x," at the 
machine terminals the effective ratio at the fault will be 
lower with lower machine reactance. Thus aside from 
their effect on the ratio as measured at the machine ter- 
minals, amortisseur windings will usually reduce the 
overvoltage produced. 

The ratio x,”/x,”" is always highest at the machine ter- 
minals. It does not necessarily follow that faults directly 
at the terminals will always result in the highest voltages. 
In the circuit of figure 1, the reactance should be taken 
to the point of fault while the capacitance is, to a first 
approximation, that of the whole open line or lines. For 
a particular case it is therefore conceivable that third- 
harmonic resonance may occur for faults out on the line, 
and that the resultant voltage may be higher despite 
the decreased effective ratio x,"/x,". In practice, how- 
ever, we must usually take into consideration all possible 
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Figure 14. Oscillograms of line-to-line fault on salient-pole synchronous machine 


connected amounts of line. The highest possible over- 
voltages will then occur for faults at the machine ter- 


minals. 


B. Factors LIMITING OVERVOLTAGE 


The highest overvoltages indicated in this paper will 
not in general occur in practice. Saturation will limit 
the voltages to a certain extent and protective equipment 
will function. The saturation effect however will not be 
nearly as great as might be supposed from an inspection 
only of the magnitude of the voltage peaks, since the 
fundamental component is usually only slightly higher 
than normal, the highest values recorded consisting prin- 
cipally of a third-harmonic component. Lightning ar- 
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resters may be expected to be damaged by the high sus- 
tained voltages. Also in many cases the machine will 
be connected to a system. In order to evaluate the ef- 
fect of a connected system on overvoltage figure 16 has 
been included. Figure 16 (a) shows how in a particular 
case x," = 0.90, x,” = 0.55, the overvoltage caused by 
line-to-line short circuit is reduced by the system tie 
reactance x,. All the curves are for the condition of no 
load and equal voltages on machine and infinite bus. 
Curve A is for short circuit at maximum flux linkage in 
the shorted phases and approaches the value of equation | 
as the tie reactance approaches infinity. Curve B is for 
short circuit at minimum flux linkage. Curve C shows 
the voltage which would be obtained by the conventional 
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Figure 15. Ratio x,”/xg” 
determined by single-phase 
static tests 


2 <) 4 
PER UNIT ARMATURE CURRENT 


symmetrical-component calculation. The symmetrical- 
component method is found to give substantially the 
fundamental frequency component of voltage. The effect 
of generator load angle on the maximum overvoltage is 
indicated by the single point at x, = 1.0. 

Figure 16 (b) shows more generally the effect of x,”/x," 
and the reduction in voltage caused by a reactance tie 
to an infinite bus. All resistances and capacitances were 
neglected in calculating the curves of figure 16. 


C. Fautts INVOLVING GROUND 


A line-to-line fault was chosen here because the over- 
voltage depends primarily on the ratio x,”/x,", while for 
ground faults, the overvoltage is affected also by the 
method of system grounding. The great majority of 
faults on power systems involve ground, the line-to-line 
fault being a less frequent occurrence. 

Equivalent circuits for use in determining instantaneous 
currents and voltages following faults are given in ap- 
pendix C for line-to-ground, line-to-line, and double 
line-to-ground faults. See figures 18, 19, and 20. From 
these circuits and either of the methods of calculation 
given in appendix B, overvoltages following faults can be 
determined. 

Figure 17 gives resonance regions to third-harmonic 
currents for the three types of faults when the fault oc- 
curs at the terminals of a salient-pole machine connected 
through impedance to any symmetrical external system 
in which the positive- and negative-sequence impedance 
are equal. Resistance is neglected. 

Equivalent circuits representing the external system 
in the positive- and zero-sequence network are shown 
in figure 17. These circuits consist of a capacitive react- 
ance x, and an inductive reactance x, in parallel. Ina 
complex external system, %,,, X-, %,,, and x,, of the equiva- 
lent circuits in general will not be constant for all har- 
monics. 

Figure 17 indicates that with a line-to-ground fault 
and the assumed ratios of »,,/x, and x,/x, the capacitance 
required to cause resonance on a grounded system is high. 
Even with open lines, a value of x,,/x, as low as 5.4 would 
probably seldom be found in actual systems. For the 
ungrounded system, the amount of capacitance re- 
quired for resonance is only about one-fourth to one- 
fifth as much and the ratio x,,/x, lies in a not uncommon 
region for large systems with long transmission lines. 
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D. OTHER FUNCTIONS OF AMORTISSEUR WINDINGS 


Limitation or reduction of overvoltage is not, of course, 
the only function of an amortisseur winding and it is 
necessary to keep the other aspects of amortisseur appli- 
cations in mind in order properly to determine the best 
winding for a particular machine. The damping action 
for rotor oscillations about a steady-state operating angle 
is determined principally by the amortisseur resistance. 
A low resistance gives in general the largest damping 
coefficient for slow oscillations. From the standpoint of 
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Figure 16. Line-to-line fault on salient-pole generator— 
maximum voltage at the point of fault—effect of reactance 
tie to system 
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stability the damping action of amortisseur windings is 
beneficial, but in this case a high-reactance winding which 
will limit the fault current is desirable. An amortisseur 
winding will also keep the field voltage on open circuit 
from reaching dangerous values. These functions do not 
involve the ratio x,”/x,". However, the recovery voltage 


on clearing faults has been shown‘ to depend on this 


ae 

*, «= armature leakage reactance 

aa = mutual reactance of armature direct-axis winding with field 
‘ or amortisseur winding 


xy = field leakage reactance 


“ag += mutual reactance of armature and amortisseur quadrature- 
t axis windings 


%q' = direct-axis transient reactance 
%q +« = quadrature-axis synchronous reactance 
Tra = direct-axis amortisseur resistance 
Trq += quadrature-axis amortisseur resistance 
Xxa@ = direct-axis amortisseur leakage reactance 
Xxq = quadrature-axis amortisseur leakage reactance 
tq = direct-axis armature current 
% = quadrature-axis armature current 
%q" = direct-axis subtransient reactance 
%q"” = quadratue-axis subtransient reactance 
%e = external reactance 
Sa = Tif 
am 
Xa" + oan 
a? 2° 
XaaX f 3 
fag i Xe — hr 
Xjfa 
Xryq = Xaa + Xr = field self-reactance 
xX, = capacitive reactance 
lka F ° - 
aq = —— = direct-axis amortisseur decrement factor 
Xa + Xaa 
Tkq : ‘ 
Q@ += —~ = quadrature-axis amortisseur decrement factor 
Xkkq 


Xkkq = Xaqg + Xxqg = Quadrature-axis amortisseur self-reactance 


€, = line-to-neutral armature voltage of the unfaulted phase 
6 = @ + ¢ = angle between direct axis and phase-a axis 
Wa’, Va,’ = components of direct-axis armature flux linkage 


Yo Ya = components of quadrature-axis flux linkage 


Subscripts 1, 2, 0, a, 8 refer to positive, negative, and zero sequence, 
and to a and 8 components 
Subscript e refers to external circuit 


= voltage 
= current 
Z = impedance 


-. 


Appendix A—Equations for Differential Analyzer 


The equations as set up on the differential analyzer were: 
wa’ = — Xa'ta + War’ (la) 
ar’ = ("a’ — xa" )ia — aS Van'dt (2a) 
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Figure 17. Third-harmonic resonance regions for various 
types of faults 


Curve A—Line-to-ground fault, grounded system, x9 = x2/2; 
Xoe = Xlei G; = 0.6 G 

Curve B—Line-to-ground fault, grounded system, xo = x2/2; 
Xoe = Xlej Co == C 


Curve C—Double line-to-ground fault, grounded system; xo = x2/2; 
Xoe = Xie} (® = 0.6 G 
Curve D—Double line-to-ground fault, grounded system, x9 = x2/Q; 


Xoe = Xiei Co = 
Curve E—Line-to-line fault 
Curve F—Double line-to-ground fault, ungrounded system, Co = 0.6 G 
Curve G—Double line-to-ground fault, ungrounded system, Co = G 
Curve H—Line-to-ground fault, ungrounded system, Co = 0.6 G 
Curve |—Line-to-ground fault, ungrounded system, Co = Ci 


where 
'kd 
i ; 
Xa + Xaa 
, _ *ad*fa 
Xaaq = 
Xf 


vy = — Xgtg + om (3a) 
vq = (X%q — %7" Mg — ag S Vat (4a) 
where 

Tkq 
ag = Te 
Yao = 0 
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va’ = S (rata + Yg)dt + Sead(sin 8) (Sa) 
vq = S(raig — va')dt + Sead (cos 8) (6a) 
where 

t = — L 

De ty as 

Yo = 09 

Gp Se sin 0 

to =O 

Acad 3 (: ¥ S (= a 

€q = J Xaad(sin 0) + S xcigd(cos 0) (7a) 


It will be noted that these equations are in an integral form similar 
to those of reference 8. Moreover, the initial conditions are in a 
simplified form valid only for reasonably small rg, since for the range 
of line resistance covered in this investigation the load angle 6 of the 
machine was usually negligible and the terminal (i.e., at the terminals 
of the capacitance) voltage ¢, before the short circuit occurred could 
consequently be expressed as: €g = 1, €go = 0. 

In a few cases it was necessary to take into account the initial 
value of i,, which could be found by the formula 


sin 


490 ig (8a) 
Xe 


where? 


‘a 
tan 6 = 
LeuaaXg 


Equations la to 7a may be derived from Park’s!® synchronous- 
machine equations, in exactly the same manner as were the equa- 
tions of reference 8, and so need not be derived here. It should only 
be pointed out that in equation 5a the expression ¢,d(sin 6) = é, 
cos 6 dt = eq dt, and similarly for the similar expressions of equations 
6a and 7a. This substitution was made in order to obtain the most 
desirable analyzer setup. 

With the equations expressed as above, eight integrators are seen 
to be required. In addition, the two remaining integrators were 
used to generate the required sinusoidal functions! sin 6, cos 6, 
so the setup was entirely self contained and required no operators. 
Figure 11 shows a schematic diagram of the analyzer connections. 


Appendix B—Calculation of Overvoltages 


The equations of an ideal synchronous machine with any static 
terminal impedance under the conditions that (1) all rotor resistances 
are negligibly small, (2) the external circuit parameters are con- 
stants, (3) the external circuit is symmetric about phase a of the 
synchronous machine, and (4) the rotor speed is constant, are most 
simply and conveniently expressed for the present purpose as: 


Cz = — [p(x + ycos 26) + rliag — pysin 20ig = Zod P)tae 
eg = — py sin 20%, — [p(x — ycos 20) + rlig = Zp(P)tBe (1b) 
6 = — [px +1] % = Zo(d)toe } 
where 

1 uv u“ 
0 = 9% oF X¢ ) 

1 uv " beb) 
Oy tes 2 Ca Xq ) 


r = armature circuit resistance 
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- through phases b and c in series. 
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operational impedances of the external con- 
- nected circuit to the a, 8, and 0 components 

of current, respectively 

are components of the stator currents de- 


toy UB, 4 
ma fined in terms of the phase currents by the 
equations: 
i ann LS th 
le = — 1% ou? = 3 
: i A 
eae WE (3b) 
iy Lys ; 
ly = ne ge cages 


jae, tBe Moe are the similar currents flowing in the external circuit. 
The currents ig, ig may also be expressed in terms of the direct- 
and quadrature- axis components of current by the equations: 


ig Cos @ — 1, sin 6 


Va 


(4b) 


ll 


ig = tq sin 0 + 1, cos 8 
ia is the component of armature current which produces a field in 
the axis of phase a of the synchronous machine and may be regarded 
as a current which flows through phase a and splits into two equal 
parts which flow through phases-b and c in parallel. 7g is the com- 
ponent of armature current which produces a field in the common axis 
of phases b and c and may be regarded as a current flowing only 
Ca, €8, & are components of arma- 
ture voltage defined by voltage equations similar to (3b) and (40). 
In the special case of a machine without an amortisseur winding the 
subtransient reactances xq”, X7" are replaced by xq’, xg, respectively. 
Equations 1b are most easily derived from the equations of a 
synchronous machine (with no external impedance) in terms of 
direct- and quadrature-axis quantities.1° These are, for zero rotor 


resistances, 
ea = — (bxa" +1) ta + Xq"tq (5b) 
QP Cty SR a) 


Now if equations 4) and the similar voltage equations are applied 
there are equations 1b except for the Zo(p), Zg(p) terms. It is now 
evident from a consideration of the circuit and the physical interpre- 
tations of ta, 18, tae, 18c, Ca, €g that if a static network is connected 
to the machine terminals the complete equations 1) are obtained. 
Moreover, if the network is completely symmetric, there is: 


Zab) = Ze(b) = Zi(h) = 2:(P) 


where Z\(p), Z2(p) are the positive- and negative-sequence opera- 
tional impedances of the external circuit. 
For a line-to-line fault, as shown in figure 1, there is 


(6b) 


Xe 
ZAp) = — 
(Pp) ? (7b) 


and there are no zero-sequence currents or voltages. 
Before the fault let 

éq = — sin(@ —¢?+ 2) 

where ¢ is the load angle. 

— sin (6) — @ + 2) 

cos (8 — ¢ + 1) 


Then, from (3d) 


t= 


ll 


€8 


The fault is equivalent to the application of a voltage at the ter- 
minals of the machine equal and opposite to é€g. Thus when the 
voltage ¢g = — cos (% + f) is applied to equations 1b, we obtain 
the components of current caused by the fault. Further the ter- 
minal voltage ég is given by 


Ae (8b) 


ELECTRICAL ENGINEERING 


and the total resultant is obtained by adding e, to the voltage exist- 
gz before short circuit. If the speed is constant the current may be 

obtained as follows. 

Equations 1b may be written 


Ip 1 + y’ cos 20) + r? + Za'()] Xte + (py’ sin 20) xig = 0 


(py’ sin 20) xia + [p(1 — y’ cos 20) + r’] xig = cos (6) + t) ae 


Bre oe, 2. 
0 x 
It is difficult to obtain a simple finite operational solution to equa- 
tions 9b because of the presence of the periodic time functions in the 
‘urrent coefficients. However a solution may easily be found by 
expanding the currents in powers of the troublesome coefficient y’ 


about y’ = 0. We then have 

: 

L ‘ : fan” 

e = tao + ee = x y"* + “a Ge 

: a (10b) 
es Sens the, 

1g = tp0 + tp0'y is vite nests akc \ 


where the primes on the currents indicate differentiation with re- 
spect to y’ and the subscripts zero indicate evaluation at y’ = 0. 

To obtain tao, 1g. we have merely to let y’ = 0 in equations 9b 
and then to solve the resulting two independent equations opera- 
tionally. Next, to obtain tao’, tgo’ we must (1) differentiate (9b) 
with respect to y’, (2) let y’ = 0, (3) substitute for tao, igo their 
values as previously found, (4) obtain the operational solution to the 
resulting equation. To obtain tap”, igo” we proceed in exactly the 
same way by differentiating again and utilizing the previously found 
values of tao’, tg’. For the general coefficients ee ipo” of (10d) 
there are the equations, 


[p +1’ + Za'(P)] tao” = 
— np (cos 26) igo)” + (sin 26) ipo" \ 11) 


[Ip + 1’] igo” = — np [(sin 26) ize »’ — (cos 28) igo] 

The currents, and consequently the terminal voltage by equation 
8b, are now determined as infinite series of transient and steady- 
state terms which, however, converge rapidly because in the usual 
case y’ is much smaller than unity. Figure 10 shows for a particular 
case a comparison of voltage calculated by the formulas developed 
above with a curve taken on the differential analyzer and with a step- 
by-step solution of equations 1b. Only the first two terms of (10)) 
were considered in calculating the points of figure 10. 

If only the steady-state (as far as armature transients are con- 
cerned) voltage is desired the equations are very much simplified 
since then the currents and voltages appear only as a series of odd- 
harmonic terms and the operational impedances of equations 1) 
and 11b may be replaced by steady-state impedances at the proper 
frequency. Figure 9 shows a comparison of maximum overvoltages 
calculated by this simplified method with the overvoltages obtained 
by the differential analyzer. 

A second method of procedure in solving equations 1) is to assume 
that currents and voltages of fundamental frequency can be deter- 
mined with sufficient accuracy by the method of symmetrical com- 
ponents. It can be applied to systems of any degree of complexity. 
Since symmetrical components are in general use, the procedure in 
determining instantaneous currents and voltages following faults will 
be given in terms of symmetrical components, the a- and B-compo- 
nents being used only to pass from direct and quadrature components 
to symmetrical components. An advantage of using a- and fp- 
components over positive- and negative-sequence components, is 
that the relations among the @ and @ currents and voltages may be 
expressed by real coefficients. 

The following equations give the relations between the positive- 
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and negative-sequence components of currents, voltages, and im- 
pedances and the a- and B-components. 


ta = tq, + tap 
ta = — jl4a, — tas) 


Ca = Cq + a2 


ep = — jléa — €ar) 
; ee 45 
sane (ta + jig) 
tg = Q (ta — jig) 
(12b) 
il . 
ta = 2 (€a + jeg) 
1 : 
ax = > (a — jeg) 
1 
2p = ry (Z, + Z2) 
VAVAN 1 
Za = 2>——— 2 
21+ 22 2 pte Ey) 


Reference Vector 


In the method of symmetrical components, sinusoidal voltages and 
currents of fundamental frequency are represented by vectors re- 
ferred to some particular vector as reference. Thus, if the voltage 
€q Of phase a at some specified point leads the reference vector by an 
angle a, it is written 


€a =| ¢a| /a = Ey/a 


To express €g as a function of time, let the fundamental frequency 
component of e, be written 


fq = — Eyqsin(@ + a) = E,,/0 ai Gh 
and the nth harmonic component of e, 


€na = — Eng Sin (n0@ + an) = Eng/n0 + an 


where @ is the position of the axis of the rotor of a specified machine 
in electrical degrees measured from the axis of phase a. 

The following expressions for instantaneous values of currents 
and voltages of any frequency will be used interchangeably, 


— Vsin (n0 +a) =V/n0+« 


V cos (nf + a) = —jV /n0 +a = V /no6 = a — 90° 


+ jV sin (n0 + a) = Vsin (n? + a + 90°) = + Vos (n# + a) 


+= 7V cos (n@ + a) V cos (n6 + a + 90°) = = Vsin (n@ + a) 


Let 
ina: = positive-sequence nth harmonic current 
= — jIna /no + an = Ing Cos (nO + ani) 
; : ‘ (13b) 
Inqg = negative sequence nth harmonic current 


—jIna2 /no + ane = Ing, Cos (nO + any) 


where a, and a, are determined by the system impedances, type 
of fault, and load angle. 


Generated Voltages 


When x,” = xq”, currents and voltages following faults will in the 
general case have a fundamental-frequency term, one or more natu- 
ral-frequency terms, anda d-c term. These can be determined by 
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Figure 18. Equivalent cir- 
cuit for line-to-ground fault 
for use in determining har- 
monic currents and voltages 


applying a voltage at the fault equal and opposite to that which ex- 
isted there before the fault and adding resulting changes in currents 
and voltages to initial values. When x," # xq", additional voltages 
are generated. From (1b) the voltages generated by sinusoidal cur- 
rents tq and 7g of any frequency are 


— py(cos 214 + sin 26%) 


Ca = 


(14b) 


eg — py(sin 2614 — cos 2676) 

Replacing 72 and ig in (14b) by their positive- and negative-se- 
quence values from (12) and substituting for them the expressions 
in (130), positive- and negative-sequence voltages generated in a 
given machine can be determined as follows: 


Ca = — Py[Ina {cos 26 cos (n6 + ani) + 
sin 20 sin (16 + an;)}+ Inaxicos 26 cos(né + an.) — 
sin 20 sin (20 + any)}] 
= — pyTna cos{(n = NY) se Gel) Se 
Inaz cost(n + 2) + ans} ] 
= (n — 2)yIna sin{ (a = 2) Se eral) Se 
(2 ar 2)yIna2 sin {(n + 2)6+ Ano} 
(15b) 
es = — py[Inalsin 26 cos (n6 + am) — 
cos 20 sin (m0 + ap,)} + 
Ina isin 26 cos (n6 + az) + cos 20 sin (nO + ano)}] 
= — py[—Ina sin!(n — 2)0 + ani} + 
Iyaz Sin {(n + 2)9 + ane} ] 
= (n — 2) yIna cos i(n — 2)0 + am} — 
(nm + 2)yIna2 cos{(m + 2)0 + ano} 
be, 2s 
jeg = — (n — 2)yIng sin[(n — 2)0 + ani] + 
(n + 2)y Ina sin [(m + 2)0 + any] (16b) 
€a = (n + 2)¥Ina2 sin [(n + 2)0 + ane] 
= — (n + 2)y Inaa/( + 2)0 + ang = 
(n +2) y/20 — 90° ings (17b) 
Ca. = (n — 2)yIna: sin[(n — 2)6 + any] 
= =(Q= 2)yInai/(n — 2)0 + an, = 
(n — 2)y/—20 — 90° ing, (18b) 
lin = 1 
€a = Yn sin (06 — an) 
ee yTya/0 = Gin BY [—2au — 90° tha, (19b) 
a. = 0) 


From (17b), (18), (190), positive- and negative-sequence voltages 
generated by harmonic current without decrements can be deter- 
mined. 


Steady State 


Since zero rotor resistance has been assumed in the direct and 
quadrature axes, there will be no field decrements and fundamental- 
frequency and odd-harmonic terms of currents and voltages will have 
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no decrements. Natural-frequency and even harmonic terms will 
disappear in the steady state. 

Table II gives the positive- and negative-sequence odd-harmonic 
voltages generated by positive- and negative-sequence odd-harmonic 
currents. 


Procedure in Determining Steady-State 
Values of Currents and Voltages Following Faults 


Assuming zero resistance in the field for machines without amor- 
tisseur windings and also in the amortisseur for those with amortis- 
seur windings, the procedure for determining currents and voltages 
in the steady state following faults is as follows: 

1. Calculate currents and voltages of fundamental frequency in the system by 4 
means of symmetrical components. Since it has been assumed that fundamental- 
frequency currents and voltages are determined with sufficient accuracy by this 


method, voltages of fundamental frequency generated in machines in which 
xa” ~ xq” will be neglected. 


2. From the negative-sequence current flowing in machines in which fa” 4 
xq”, determine the third-harmonic positive-sequence generated voltages from 
table II. 


3. From third-harmonic positive-sequence generated voltages determine by 
symmetrical components the third-harmonic voltages and currents in the sys- 
tems, assuming positive and negative impedance of the synchronous ma- 
chines to third-harmonic currents to be 3x2. x2 may differ slightly from the 
fundamental-frequency value. 


4. From the negative sequence third-harmonic currents flowing in machines in 
which xq” # xq”, determine from table II the fifth-harmonic positive-sequence 
generated voltages. 


Proceeding in this manner, odd-harmonic currents and voltages 
can be determined at any point of the system. 

It is also possible to calculate the transient voltage caused by odd 
harmonic currents and, by using the natural frequency and even 
harmonic currents in equations (14b) to calculate the generated 
transient voltages and from them in turn the resulting terminal 
overvoltage. 


Appendix C—Equivalent Circuits 
for Various Types of Faults 


Let 7, ty, and 7, be phase currents flowing into the fault; Zo(p) the 
zero-sequence impedance viewed from the fault; eg, e, and e, the 
phase-to-ground voltages at the fault, and eg, eg, and é their a-, B-, 
and 0-components, respectively. 


Line-to-Ground Fault (Phase a) 


Conditions at the fault are: 
ly =14¢ = 0; eg = O 
From (3b) 


1g = O05 t¢ = 22%; €o = — € 


Table Il. Positive- and Negative-Sequence* Odd-Harmonic 
Generated Voltages 


as 


Positive-Sequence Odd-Harmonic Voltages Generated in Machines by Nega- 
tive-Sequence Currents 


ésa1 = 3ylia2 sin (38 + ai) = — 3yl1a2/38 + a2 = 3y/20 — 90° i1ae 
ésa1 = 5ylsa2 sin (56 + ax) = — 5yI3q2/50 + a3 = 5y/2@ — 90° isas 
€sa1 = 7yIsa2 sin (76 + as2) = — TyIsa2/76 + a2 = Ty/20 — 90° isar 
esa1 = QyIzaz sin (99 + a72) = — YyI7q2/90 + 27 = 9y/20 — 90° tage 


Negative-Sequence Odd-Harmonic Voltages Generated in Machines by Posi- 
tive Sequence Currents ‘ 


é1a2 = sai sin (0 + an) = — yIsai/ 6 + a0 = y, —26 — 90° t3q1 
esaz = 3yIsai sin (34 + a1) = —3yIsq1/30 + as, = 3v (=29 = 90° isa 
erat = S¥T7as sin (50 + an) = —5yl7ai/50 + an = 54/—26 — 90° t7a1 
e7a2 = Tyloai sin (70 + an) = —7yIoqi/70 + a = 7y/—20 — 90° igar 


*w and 8 voltages when required can be obtained from table II and (12d). 
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and natural-frequency terms. 


(1c) 


From (1c) the equivalent circuit to replace the fault in the a-net- 
work is Z(p)/2. When xq” = x,", the B-network is not involved, 
eg is not changed by the fault, and eg and e have only fundamental- 
In machines in which xy” # Wo", 
fundamental-, harmonic- and other frequency voltages are generated 


(see appendix B) which affect e, és, and é. 


At the fault, since eg = — e, €g, €, and €, are: 


€a = ae + & = 0 
1 V3 3 
gg St eS 
vee 3 
Sere eee S477 20) 
1 3 
ee gt fart entr- i Cha hart ool 
V3 3 V3 
2 es es Ait es Pe 


Line-to-Line Fault (Phases b and c) 


Conditions at the fault are: 


ty = — tc} tg = 0; & = € 
From (3d) 
te = 9 = 0; eg = 0 


For a system symmetrical before the fault, the zero-sequence net- 


work is not involved. The $-network is shorted at the point of 


fault. The a-network is unaffected when xg” = x,”, but when 
xq” ~ x,” voltages are generated in the machines which affect ea. 
(see appendix B). At the fault, 


€a = Ca 


1 (3c) 
ae = 


Double Line-to-Ground Fault (Phases b and c) 


Conditions at the fault are: 
tg = 0; e =e, =0 
From (30) 
ep = 0; ea = 26; ta = — to 
It follows that 
(4c) 


2e0 = — 22 p)to = 2Z Pita = la 


The equivalent circuit to replace the fault in the a-network is there- 
fore 2Z,(p). The 8-network is shorted at the point of fault. When 
Xq” = x", there is no mutual coupling between the a- and p- 
networks, but when xg” # x,”, voltages are generated in the ma- 
chines which affect e, and e. (See appendix B.) 


ZERO POTENTIAL 
FOR - NETWORK 


Bep(0)=-Jeo(P) 


ZERO POTENTIAL 
FOR o&-NETWORK 


Figure 19. Equivalent circuit for line-to-line fault for use 
in determining harmonic currents and voltages 
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At the fault, 


3 
Cg = la + & = = es 
f (5c) 
& =e = 0 


In figures 18, 19, 20 are shown the equivalent circuits for line-to- 
ground, line-to-line, and double line-to-ground faults at the terminals 
of a synchronous generator with series impedance connected to any 
symmetrical external system in which the positive- and negative- 
sequence impedances are equal. Z,.(p) and Zo(p) are the opera- 
tional expressions for the positive- and zero-sequence impedances 


ZERO POTENTIAL 


ZERO POTENTIA 
FOR &-NETWORK ene 


FOR B-NETWORK 


Figure 20. Equivalent cir- 
S}2(o+ PXo) cuit for double line-to-ground 
fault for use in determining 
harmonic currents and volt- 

ages 


ZERO POTENTIAL “© ‘0 


FOR O-NETWORK 


of the external system. 79 + xo is the zero-sequence impedance of 
the generator. The positive- and negative-sequence impedances 
of the generator to currents of frequencies other than fundamental is 
approximately 7 + px except for very high frequencies. This is 
also the a and 6 impedances to them. 

Except for voltages of fundamental frequency which are deter- 
mined by the method of symmetrical components, the equivalent 
circuits of figures 18, 19, 20 can be used to determine all other com- 
ponents of current and voltage. The principal natural-frequency 
terms are calculated by the application of a voltage at the point 
of fault equal and opposite to the initial steady-state voltage. The 
point of application of voltages generated when xg” ~ x,” is taken in 
the machine. 


Resonance to Harmonics 


Harmonic voltages are generated in machines in which xg” # x”. 
The external impedance which will cause resonance for various types 
of faults can be determined from the equivalent circuits as follows: 

From equation 2c and figure 18, resonance for a line-to-ground fault 
can occur either in the unfaulted 8-circuit or in the a-circuit. For 
resonance to the nth harmonic in the 6-circuit there is the equation: 


nx, = negative reactance component ot Z,,(p) 


For resonance in the a-circuit, 


, and Z,.(p) 


nx, = negative reactance component of — - 


ro + P%o Loeb) 
4 ee 
in parallel. 

It is thus possible to have resonance to one harmonic in the a@-cir- 
cuit and to another in the #-circuit. 

For the line-to-line and the double line-to-ground faults resonance 
can only occur in the a-circuit. For the line-to-line fault it will oc- 


cur when 


nx, = negative reactance component of Z,.(p) 

For the double line-to-ground fault when 

nx, = negative reactance component of 2(7o0 + pXxo), 2Zoe(p), and 
Z,-(p) in parallel. 
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Discussion 


D. E. Brainard (General Electric Company, Schenectady, N. Y.): 
The authors have pointed out that they controlled the point on the 
voltage wave at which the short circuits were applied. By choosing 
the point of maximum linkages they obtained the maximum possible 
overvoltage. When the usual random shots must be accepted, it 
is necessary to estimate the maximum overvoltage for a given ma- 
chine by observing the point on the cycle at which each value of 
overvoltage occurs. 

This procedure was applied in the case of a 26-pole, 1,250-kva 


1.8 Figure 1. Open- 
phase voltages fol- 
lowing single-phase 
line-to-line short 
circuits (as a func- 
tion of linkages in 
shorted phase when 


shorted) 


| of LINE:TO-NEUTRAL_ON UNFAULTED PHASE 
1.6 aes ee 


— — 


MAXIMUM VOLTAGE ON OPEN PHASE AS 
PER UNIT OF VOLTAGE BEFORE SHORT 


1.24 
Lo D LINE TO SHORTED LINES 

90 30 01 30 60 90 
BEFORE 


AFTER 
ELECTRICAL DEGREES FROM POSITION 
OF MAXIMUM FLUX LINKAGES 


Tests on 26-pole 1,250-kva 600-volt machine having copper amortisseur winding without 
connected end rings 

Xq"/xa" = 1.33 by static test at 1.0 per unit current 

Per unit voltage before short as follows: 

xa—20.03 


A = 0.66 0 = 1.00 
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SINGLE-PHASE SHORT CIRCUIT ON SYNCHRONOUS MACHINE 
ROTOR 3-PHASE STATOR 


D-C 
EXCITATION se 


-——_—S et 


Figure 2 


WOUND-ROTOR INDUCTION MOTOR WITH SINGLE- PHASE 
ROTOR AND STATOR OPERATION 


3-PHASE STATOR = 3-PHASE ROTOR 


A-C , 
EXCITATION 


600-volt generator having a copper amortisseur winding without 
connected end rings. With the machine operating at 0.33, 0.66, and 
1.0 per unit voltage, single phase, line-to-line, sudden short circuits 
were applied. The values of the ratio of the maximum voltage ob- 
tained on the open phase to the voltage before the short are plotted 
in figure 1. These voltages were measured by an oscillograph both 
from open line to neutral and from open line to shorted lines. The 
angle was determined from the oscillogram of the voltage between 
the two terminals which were shorted. 

A curve drawn through the test points gives a maximum ratio for 
the line-to-neutral case of 1.68 for the short from 0.33 voltage. 
The short-circuit current for this case is of the order of rated cur- 
rent for which condition static tests show a ratio of xg”/xa” = 1.33. 
The formula given in the paper gives a maximum voltage ratio of 1.66 
with which the test is in substantial agreement. It is to be noted, 
however, that the line-to-line-voltage ratio reaches a maximum of 
only 1.5 for the same conditions. 


J. H. Fortenbach (nonmember; General Electric Company, Schenec- 
tady, N. Y.): The problem of single-phase short circuit on a syn- 
chronous machine is analogous to the problem of a wound-rotor in- 
duction motor when operating with single-phase excitation on the 
stator and with only one phase short-circuited on the rotor. The 
chief differences are that the induction motor is a round-rotor ma- 
chine and the excitation is alternating current rather than direct 
current. Figure 2 illustrates the analogy. 

We have known for many years that operation of a wound-rotor 
induction motor in such a manner produced abnormal voltages across 
the open phases. From the various tests which were made in the 
past, it was found that under these conditions the voltage across 
the open phase of either the rotor or stator might be in the order 
of ten times normal, 

The most recent tests which we made on a three-phase wound- 
rotor induction motor with single-phase rotor and stator were taken 
in 1931. These were made on an 8-pole 15-horsepower 900-rpm 
220-volt three-phase 60-cycle motor. The motor, at first un- 
excited, was driven and held at a constant speed. Single-phase 
normal voltage was then suddenly applied across two stator lines. 
The oscillogram (figure 3) shows a typical result for the case when the 
machine was driven at 900 rpm. 

By assuming that the mutual inductance between a stator and a 
rotor phase is proportional to the cosine of their relative angular 
displacement and that the rotor and stator resistances are equal to 
zero, we were able to calculate (for the steady state) the voltages and 
currents shown by the oscillogram. 

The method used was to set up in operational form, the self and 
mutual induced voltages in each phase of the rotor and stator. The 
six equations resulting were solved for the steady state condition. 
The calculated results for one of the open stator and one of the open 
rotor voltages are shown by figure 4. 


The circled points are the tested values taken from the oscillo- 
gram. 
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Figure 3 


Big ren-Hator voltage; one centimeter = 328 
volts 


B—Open-stator voltage; one centimeter = 518 
volts 


C—Rotor current; one centimeter = 115 amperes 


D—Applied stator voltage; 
volts 


one centimeter = 629 


E—Open-rotor voltage; one centimeter = 516 
Volts 


F—Open-rotor voltage; 
volts 


one centimeter = 258 


E. M. Hunter (General Electric Company, Schenectady, N. Y.): 
This study of overvoltages caused by unbalanced short circuits de- 
scribed by the authors is illuminating when viewed in the light 
of operating experiences reported on ungrounded-neutral systems. 
The disturbances resulting from overvoltages during ground faults 
on ungrounded neutral systems have been described frequently in 
the technical press. They have been attributed to ‘‘arcing grounds.”’ 
Numerous attempts have been made to reproduce “‘arcing grounds”’ 
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during staged tests with little success, which has led to the suspicion 


that the overvoltages that have occurred should be explained in some 
other way. 

The authors’ figure 17 shows the areas in which overvoltages may 
occur. A study of this figure indicates that the chances of obtaining 
the overvoltages described are greater on the ungrounded-neutral 
system. It would appear that at least some of the overvoltages pre- 
viously attributed to “arcing grounds” have actually resulted from 


the phenomena described in this paper. 
The authors have suggested that to reduce the overvoltages, the 
The ground 


generators be equipped with amortisseur windings. 
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fault neutralizer (Petersen coil) is also effective in reducing them. 
On a system with a neutralizer the zero-sequence impedance is in- 
finite. Accordingly, during line-to-ground faults, there is no flow 
of positive or negative fault current. When the neutralizers are 
located on the system, there is little negative-sequence current flow- 
ing to produce the excitation necessary for the overvoltages. Re- 
ferring again to the authors’ figure 17, curves F, G, H, and J represent 
the areas where resonance occurs.and overvoltages may be serious for 
single and double line-to-ground faults on ungrounded neutral 
systems. These areas are eliminated with ground-fault mneu- 
tralizers on the system. 


Edith Clarke, C. N. Weygandt and C: Concordia: Mr. Brainard’s 
tests illustrate the effect of closing angle and show that in order 
to obtain consistent results, control of this angle is essential. He also 
finds that the ratio of line-to-line voltage after the fault to that be- 
fore the fault is smaller than the corresponding line-to-neutral volt- 
age ratio. In the paper it is shown that theoretically the relation is: 
(line-to-line voltage ratio) = 0.866 (liue-to-neutral voltage ratio). 

The results presented by Mr. Fortenbach are particularly interest- 
ing since they show such an excellent theoretical check of the ob- 
served steady-state voltage wave and since they demonstrate the 
essential similarity of synchronous and induction machines as far 
as these overvoltages are concerned. 

As brought out in the paper, a line-to-line fault was studied in 
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detail because it may result in the highest voltages and because it 
is the type most affected by changes in x,”/xq". To show the effect 
of x,”/xq" on voltages arising from line-to-ground faults without 
capacitance, figure 5 of this closure has been included. The curves 
of figure 5 show that for small x,”/xq” the overvoltage at the fault 
increases with increasing xo, while for large «,"”/xq” the situation is 
reversed and the overvoltage decreases with increasing %. It has 
been pointed out by Mr. Hunter that the effect of a ground fault 


neutralizer is to make x) = ©, so that voltages at the fault would 
then be practically limited to the value shown in the figure for 
Xo = ©, 


For the case studied, the open phase voltages are given by: 


3 v3 


& = Rie ere ce TCs (9 a) 
& = — 3, — VP hes + 008 (0 ~ @)] 
where 


[xo + 2x + 2y cos 26]sind — 4y sin 26(cos# — cos8o) 
[xo + 2x + 2y cos 20]? 


Ca = — Xo 


ep = 2y X 
(xo +2x%-+2y cos 26) sin# sin26—[4y + 2(x%0+2x)cos28 |(cosé — cos) 
[xo + 2x + 2y cos 26]? 
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Resonant Nonlinear Control Circuits 


By WILLIAM T. THOMSON 


i ASSOCIATE AIEE 


i 
Bs opoo The resonant type of nonlinear circuit containing a re- 
_ sistance, a condenser, and a saturable-core reactor is finding a num- 
_ ber of applications in the various engineering fields,' and an analyti- 
cal treatment has here been developed to add to the understanding 
I of the behavior of such circuits. Certain features of the superposi- 
tion of a d-c magnetizing force on the reactor are discussed. A 
method of increasing the sensitivity of this d-c controlled circuit, 
with a mathematical analysis for the criteria of stability and ampli- 
fication is given. Finally, a specific application of the circuits dis- 
cussed to a sensitive and stable power controlling device is described. 


HE GENERAL characteristics of the resonant non- 

linear circuit have been known for some time.2. How- 

ever, in order to determine specifically the behavior 
of such circuits, an analytical treatment is necessary. 
With such an analysis it is possible to calculate the critical 
resistance, the critical voltage and the critical current, 
and a better understanding of such circuits is gained. 


The Series Circuit 


For the general characteristics of the nonlinear circuit, 
the reader is referred to the paper on nonlinear circuits by 
C. G. Suits.* For orientation purposes, however, some 
of the properties of the series nonlinear circuit will be 


Paper number 37-66, recommended by the AIEE committee on basic sciences 
and presented at the AIEE winter convention, New York, N. Y., January 24- 
28,1938. Manuscript submitted May 27, 1937; made available for preprinting 
November 1, 1937. 


WrLt1aM T. THOMSON is an instructor of applied mechanics at the Kansas State 
College of Agriculture and Applied Science, Manhattan. 


1. For all numbered references, see list at end of paper. 


briefly reviewed. Figure 1 illustrates the typical volt- 
ampere relation of such circuits. The observations to be 
noted here are: 


1. Upon reaching a certain critical voltage, the current takes an 


abrupt rise. 
2. The steepness of this rise in the critical region is some function 


of the resistance. 


3. If this resistance is reduced to a value less than the critical re- 
sistance, the circuit becomes unstable in the critical region and dis- 
plays a hysteresis effect. In this unstable region, the slope dE/dI 
of the curve becomes negative. See figure 4. 


4. The magnitude of the current jump is some function of the con- 
denser size. 


The peculiar volt-ampere relation found in such cir- 
cuits is due to the joint action of saturation of the iron 
and the partial resonance of the circuit. Figure 2 is an 
oscillogram illustrating the cumulative action of the cur- 
rent jump in the unstable region. 

With these points in mind, the problem will be treated 
analytically. Referring to the unstable curve of figure 1, 
there exist two points on the curve where dH/dI = 0. 
Since with a critical resistance in the circuit these two 
points merge into one, the value of the critical resistance 
can be obtained by equating the two expressions for the 
current when dE /dI = 0. 

Unfortunately very little is known of the nonlinear dif- 
ferential equation encountered for such circuits, and there- 
fore one must resort to the use of an equivalent sine wave 
and treat the problem vectorially. With such a method, 
it is obvious that the reactance 
and the apparent resistance 
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of the reactor must be ex- 
pressed in terms of the effec- 
tive current. This is readily 
accomplished by the following 
vector relation: 
1 wr 
Ap ==> eesval (Pe (1) 
L if ye: ( r) 
W 
Riu = 7, (2) 
where 
X, = effective reactance of the 
reactor 
R; = apparent resistance of the 
reactor 
E, = effective voltage across the 
reactor 
W = watts consumed by the 
reactor 
I = effective current 


300 
In plotting X, and R, 
against the current, the curves 
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Since the critical condition always 
occurs on the negative-slope portion of the reactance 
curve, it is only necessary to fit an equation over this 


appear as in figure 3. 


region. The equation best fitting these curves is a rec- 
tangular hyperbola with displaced axis, and Rk, and X,, can 
be expressed as follows: 


Ri = ares (3) 


at+T]I 


Aes rope tates (4) 


where A, a, B, 8, K, and Ke are constants of the reactor. 
The constants are calculated by taking three points cov- 
ering the desired interval of the curve. 

Using these expressions in the voltage equation; 


E=IV R?+ XxX? (5) 
where 


R = Ry + R;z, the sum of the series and the apparent resistance of 
the reactor 
X = X, — X,, the difference in the reactive impedances, 


equation 5 can be differentiated with respect to the cur- 
rent and set equal to zero. 


R RoE Bm. ¢ bow aes = 0 6 
dI BEY = iS) 


The difficulty with this last equation when the expres- 
sions for X, and R, are substituted is that it isnot solvable 
mathematically. However, by plotting equation 6 for 
various values of resistance it is found that the current 
for the maximum negative dH/dI is practically independ- 
ent of the resistance. This is shown in figure 4. There- 
fore by differentiating equation 6 neglecting the resistance 
term and setting it to zero, the current corresponding to 
the critical stable voltage is expressible as: 


3B6B 
— 28+ 2 Sipe, stiatteot® 3 S 
1 eer (7) 


Also, the current corresponding to the critical and release 
voltages for the case with a resistance less than the critical 
value can be expressed approximately by; 


Im = 


sah Sian oo 

i= B Tee eR, (8) 
I= —6 + : 

ee Tes oR, (9) 
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Figure 2. Current jump at critical 
voltage 


and the critical resistance found from equating the two 
equations above is; 


2 
See ae a oe 
The critical stable voltage with a critical resistance in 
the circuit is then found by substituting Ro and J,, in 
equation 5. 

The equations derived in this analysis are found to be 
in very good agreement with the experimental values, the 
test being performed with four different reactors and 
various sizes of condensers. The tabulation of results 
with a comparison with the experimental values for one 
of the reactors is given in table I. 

It is evident from these equations that the current 
jump increases as X, decreases, as observed in figure 1, 
and when the value of the capacitance is equal to the 
constant K» of the reactor, the current rises to a very large 
value. Also, for this condition, the critical resistance 
will be equal to zero. For any resistance less than the 
critical value, the same analysis can be made, in which 
case the values of J; and J; must be used in calculating the 
critical and the release voltages. In summarizing the 


— Ky) (10) 


Figure 3. React- 
ance and appar- 
ent resistance (re- 
actor 1) 
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behavior of the series resonant circuit containing a non- 
linear reactor, it can be stated that such a circuit is voltage 
sensitive in the critical region. 


The Parallel Circuit 


Although the behavior of the parallel circuit was not 
studied in great detail, some points of interest will be 
briefly discussed. Figure 5 represents the volt-ampere 
relation of the parallel circuit, and instead of the circuit 
being voltage sensitive it is known to be current sensitive. 
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As in the series circuit, the critical region characterized 
by the negative slope is some function of the resistance. 

One thing of interest here is that the critical voltage 
and current for the reactor branch of the parallel circuit 


are essentially the same as those for the series circuit. 
_ Starting from the expression, 


dI dl dl, 


dE di, dE 


the critical condition is found when dI/dI, = 0, since 
dI,/dE cannot become zero for any region. Neglecting the 
resistance, 


—TI, {Xs =e 
aie 


and when 


(11) 


I= (12) 


(13) 


When the expression for X, is substituted into equation 
13, the resulting equation becomes; 


(14) 


and it is seen that this is essentially the same equation 
as that of the series circuit. 

Since the reactor voltage is known for this current, and 
is also equal to the condenser voltage, the line current J 
is found by vector addition. 


VARIATION OF oa WITH Ro 


8 0.9 


0. 


Figure 4 
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Figure 5. Char-. 
acteristics of the 
parallel circuit 
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The Generalized Form 
of Reactance and Apparent Resistance 


From the foregoing it is evident that in order to predict 
the behavior of the circuits discussed, the reactance and 
the apparent resistance of the reactor are necessary. The 
two quantities can be predicted approximately for any 
reactor provided certain experimental data for the iron 
are at hand. 

The first of these is the effective permeability curve 
shown in figure 6. Since the reactance is 


0.427. N2A 


Palms 
] vad 


from this permeability curve, it is possible to determine 
the reactance of any reactor using the same iron. 

In the same manner, the apparent resistance of any 
reactor can be obtained from the second curve of figure 6. 
This curve was calculated from the density-core-loss 
data and the a-c magnetization curve. The apparent 
resistance curve is obtained by multiplying the values of 
this last curve by (V//)? and the number of pounds of 
iron used. 

Although, in the method described above, the effect 
of the leakage flux and the air gap are assumed to be the 
same as that of the test reactor from which the data is 
obtained, the results obtained by this method agree very 
well with the actual curves. 


The Series Circuit With D-C Saturation 


Some points of interest in regards to the series resonant 
circuit with a d-c magnetizing force superimposed on the 
iron-core reactor was investigated mainly from the utility 
point of view. 

To superimpose the d-c flux, the well-known three- 
legged reactor commonly used in controlling theater light- 
ing was used. If the volt-ampere relation for such a 
reactor is plotted for various values of d-c saturation, it 
would be found that the effect of the d-c is to shift the 
magnetization curve to the right.* Also, the d-c satura- 
tion decreases the maximum of the reactance curve and 
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Figure 6. Generalized curves for reactance and apparent 
resistance 
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Figure 7. Series circuit with direct current superimposed 


shifts it in the same direction. It will be found here that 
for a large value of a-c ampere-turns per inch, the react- 
ance curves all come together and, therefore, in this re- 
gion, the d-c controllability is greatly decreased. This 
will then determine for the d-c controlled circuit, the 
upper limit of the a-c ampere-turns per inch. The lower 
limit will obviously correspond to the peak of the reactance 
curve with zero d-c saturation. For the iron used in this 
investigation (Allegheny dynamo grade) the useful range 
of the a-c ampere-turns per inch is roughly between four 
and 30. 

When the three-legged reactor is used in series with a 
condenser and a resistance, the volt-ampere relation will 
appear as in figure 7. Here it is noted that the effect of 
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increasing the d-c saturation is to shift the curve upward 
and the critical voltage to the left. 

When this circuit is operated with a constant voltage 
and the circuit controlled by the d-c coil, the locus of the 
a-c current will be along a vertical line such as that shown 
in the diagram, and it is seen that the change in the a-c 
current is greatest between certain values of d-c satura- 
tion as shown by curves 2and 3. Therefore, if a very sen- 
sitive control is desired, it is possible to bring the circuit 
up to this sensitive level by means of another coil and 
operate the circuit about this region. By connecting 
two such circuits biased to this sensitive level in a bridge _ 
form, the initial output can be made equal to zero and 
the disturbing effect of the line-voltage fluctuation greatly 
eliminated. 

When operating with a d-c bias, some difficulty is en- 
countered when the controlling power is very small. This 
is due to the fact that with a d-c level of magnetization, 
there is a voltage induced in the control coil which may 
render the circuit unstable. Witha d-c level of saturation, 
the flux variation in the two a-c legs of the reactor be- 
comes unequal. The difference in these two fluxes must 
then flow through the center leg of the reactor, thereby 
inducing a voltage in the control coil. An analysis from 
the magnetization curve indicates that this unbalance of 
flux is mainly in the opposite direction to that of the 
control coil, and therefore is demagnetizing. For these 
reasons, it is advantageous to prevent this unbalance of 
flux from flowing in the center leg. This is accom- 
plished by placing a short-circuited coil around the d-c 
leg. 

With this short-circuited coil, an interesting difficulty 
was encountered. If the resistance Ry in the circuit is 
reduced to a value less than the critical resistance, the 
circuit goes into a low-frequency oscillation. The oscil- 
logram of figure 8 illustrates this phenomenon. It is 
found that the frequency of this oscillation is mainly a 
function of the d-c magnetizing force. This low-fre- 
quency oscillation, however, was checked by increasing 
the resistance to a value greater than the critical resist- 
ance of the circuit. 


A Regenerative Method of Increasing the 
Sensitivity of the D-C Controlled Circuit 


Noting that in any amplifying device if a part of the 
output is fed back to the input, the over-all gain is greatly 
increased, a scheme similar to that of the regenerative 


Figure 8. Low-frequency oscil- 
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@ 
radio circuit can be used to increase the sensitivity of the 
d-c controlled circuit. 

_ Figure 9 indicates the circuit diagram of the regenera- 
tive amplifier. The a-c output obtained across the con- 
denser is rectified by means of the copper-oxide rectifier 
to supply the d-c load, the circuit being controlled by the 
d-c saturation. The amplification is obtained by feeding 
the output current through a regeneration coil wound on 
the same leg as the d-c control coil, the effect being to 
increase the total control of the circuit. With such a 
scheme, if the number of turns on the regeneration coil 
is too large, the circuit becomes unstable and therefore 
some criteria for the stability as well as the amplification 
must be developed. This is done by first assuming a 
straight-line relation between the input and the output 
current and developing the mathematics by a step-by-step 
_ process. 

\ Starting with an input of %, the initial output current 
_ will be hi, where h is the slope of the output current for 
_ zero regeneration. This output flowing through the re- 
_ generation coil produces an additional control of (nh/N)is, 
_which must be added to the initial control to give the 
effective control. Continuing with this process, the re- 
_ sulting equation is a geometric series, 


I Bagrt} SE nh a ah\ Be ae t 12) 
output = Mt NV N N Bie 
the sum of which is given by the following equation: 
1 
Toutput = ht nh (16) 
aia 0; 
where 
n = number of turns on the regeneration coil 
N = number of turns on the control coil 
h = slope of the initial curve with no regeneration 
to = control current 
Zoutput = output current with regeneration 


From this equation it is evident that the circuit is stable 
as long as (nh/N) remains less than one, and therefore 
this becomes the criterion for stability. The amplifica- 
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Figure 9. Regen- 
erative amplifier 
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Figure 10. Control circuit of radiation meter 


tion factor is given by the bracketed term. For the case 
where the initial response curve deviates greatly from 
the linear relation, better results can be obtained by 
using the following equation, 


E =’ saat 
~H 


where 


(17) 


I’ = actual current for no regeneration, at the point in consideration 
h' actual slope of the curve corresponding to the point in question 


To verify this equation, several predeterminations were 
made, one of which is shown in figure 9. In this diagram, 
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Figure 11. Out- 
put curve of the 0 
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the lower curve is the output plotted in terms of the input 
for no regeneration, while the upper solid curve repre- 
sents the output of the same circuit with regeneration. 
The dotted curve is the predetermined output calculated 
from equation 17, and it is seen that the agreement be- 
tween the theoretical and the experimental curves is very 
close. 


A Specific Application 
to the Radiation-Meter Control Circuit 


The circuits discussed in this paper have been success- 
fully applied to a specific engineering problem in con- 
nection with the radiation meter. The function of this 
meter is to measure the net radiation taking place at 
the earth’s surface, such data having important appli- 
cations in the study of plants. 

These measurements must be taken continuously for a 
long period extending into years. It is necessary to main- 
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tain control without the use of contactors, relays, or other 
intermittent devices and also without the use of units, 
such as vacuum tubes, which would require frequent re- 
placements. 

Briefly, the radiation meter consists of two exposure 
plates, one black and the other bright, which are kept at 


Figure 12 


the same constant temperature. Since the convection 
and conduction losses under this condition are equal, 
the differential heat input necessary to maintain this 
constant temperature is a measure of the net radiation. 
This differential power is recordedcontinuously bya graphic 
differential wattmeter. 

Figure 10 shows the control for one of the exposure 
plates and represents half of the radiation meter. In 
this R, represents the heating loads for one of the con- 
stant-temperature surfaces, connected in series with a 
saturable-core reactor. The power for the control input 
is obtained from a temperature-bridge thermometer im- 
bedded in the same constant-temperature surface. Fora 
two-degree deviation from the set temperature, the tem- 
perature bridge sends a signal into the control circuit 
sufficient to produce maximum heating at the heater coil. 

The first stage of this control circuit is connected in a 
bridge to overcome any effect of line voltage fluctuation, 
and each arm of the bridge is biased to the most sensitive 
level by means of the bias coils. The output of this 
bridge is then rectified by means of the copper-oxide 
rectifier and fed through the regeneration coils and the con- 
trol coil of the second stage. The connection of the 
regeneration coils in the bridge is such that it aids the bias 
and the control signal in the first leg and opposes the 
bias in the second leg, thereby producing a maximum of 
unbalance. In the same manner, the output of the 
second stage is rectified and fed through the regeneration 
coil and the control coil of the final stage. Here the 
bridge circuit is not necessary since the control signal is 
sufficiently large and the effect of the line voltage fluctua- 
tion relatively small. 

The amplification obtainable from such a circuit is 
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quite striking as shown by the curve giving the over-all 
characteristics of the control circuit. (See figure 11.) 
It is seen here that an input of 450 X 107’ watts is suf- 
ficient to control an output of approximately 450 watts, 
thereby resulting in a power amplification of approxi- 
mately 10,000,000. Such a circuit is quite inexpensive 
to build, and once the control is adjusted, the circuit will 
require practically no replacement of parts or upkeep for 
service. The simplicity of this control circuit is shown by 
the photograph of figure 12. 

In conclusion it may be stated that the greatest utility 
of such circuits will undoubtedly be in control circuits 
where large amounts of power must be continuously con- 
trolled by means of a relatively small input. As more 
and more becomes known of such circuits, the resonant 
type of nonlinear circuit will find a definite place in the 
various engineering fields. 
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Discussion 


P. H. Odessey (Heyer Products Company, Belleville, N. J.): In 
Mr. Thomson’s paper, the derivation of critical quantities associated 
with ferroresonance embodies a number of concepts that are not 
quite clear. In particular, the following points are noted with re- 
spect to approximations and assumptions made in deriving the ex- 
pressions for current and critical resistance as defined in this paper; 
the numbers of equations are those used in the paper. 

1. The current (7) corresponding to the ‘critical stable’ volt- 
age is derived from the relation 


whereby the resistance is neglected. The assumption that this cur- 
rent is practically independent of resistance is an approximation that 
is valid for a particular type of reactor, that is, if the a-c volt-am- 
pere characteristic is relatively steep and bends sharply at high 
saturation. For the type of characteristic whose slope changes 
slowly with saturation considerable error is introduced by neglecting 
resistance. The experimental results of Rouelle (R.G.E. 1934) give 
evidence of this effect. The resulting equation for current (7) con- 
tains a radical and hence should reveal two distinct values of current. } 
No explanation is given for discarding one of these values nor of the 
significance of the negative sign before the radical. 

2. When current is defined by (7), the corresponding value of 
critical stable voltage evaluated by means of (5) must be determined 
by using the value of critical resistance Ry defined by (10). As there 
is no interrelation between J,, and Ro the justification for this step 
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i is not quite clear. Thus, employing the criteria of stability, 


two “approximate’’ equations are given for the currents correspond- 
ing to the release voltages and contain a resistance term Ro. Since 
equation (6) was stated to be mathematically unsolvable when re- 
sistance was included, it is not quite clear how (8) and (9) were de- 
rived. As the forms of these equations indicate, their derivation 
_ does not follow as an approximation made after solving (6) by neg- 
_lecting resistance. 
\ 3. Since these two equations are identical for the condition of 
critical stable voltage, the analytic expression for critical resistance 
(10) is obtained by equating (8) and (9). But since (7) already 
expresses the value of current corresponding to the critical stable 
voltage, then (8) and (9) could each be made identical with (7) and 
two other equations for critical resistance could be obtained. This 
discrepancy is not explained. 

4. If, as in the presentation, the critical resistance is properly ex- 
pressed, then by substituting this value (10) in the current equations 
(8) or (9) we should obtain equivalence with J,, defined by (7). 
There is, however, no assurance that this may be attained even 
approximately. It appears, therefore, that the critical resistance 
and J,, are entirely unrelated, yet must be employed together in the 
evaluation of critical stable voltage by means of (5). 

5. In view of the assumptions and approximations, the results 
indicate an unusually high degree of accuracy although not consist- 
ent. For example, corresponding to a 40 per cent error in Ry 
(X, = 48, table I) the error in critical stable voltage is 0.3 per cent 
whereas for a 0.88 per cent error in Ro, the error in voltage is 1.21 
per cent (XY, = 188). Thus, it appears that any error in Ry does not 
materially affect the value of voltage. Although not given, it would 
have been interesting to observe the check on J,,, J; and Jz, and so 
justify some of the approximations. 


4 


=) 


W. T. Thomson: In reply to Mr. Odessey’s discussion, I will en- 
deavor to justify the assumptions made and indicate why it is pos- 
sible to arrive at accurate results for the critical voltage using the 
more inaccurate values of critical current and resistance. Dimen- 
sions of one of the reactors for which the results were published are 
given together with the sample calculations (see figure 2). 
Although my investigation was limited to a certain type of re- 
actor (three-legged reactor) using a certain grade of iron, this type 
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Figure 1. Reduction in voltage across condenser due to harmonics 
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of reactor is extensively used for various control purposes and quite 
frequently with iron of similar characteristics. It seems therefore 
that Mr. Odessey’s criticism that the method is applicable only to a 
very special and limited condition is not justifiable. 

The apparent resistance of the reactor defined by the expression 
R, = W/I? is of course an approximation for circuits containing iron. 


It is agreed that for small values of current this error is not great. 
Let us investigate then the discrepancy for a large value of current. 
Assume in figure 3 that J, = 0.87 when J = 1.2 amperes. Ry, from 
the curve is 15 ohms and its value based on J; is 15/0.82 = 23.5 ohms. 
The per cent error is therefore considerable but the difference in ohms 
is only 8.5. In the calculation of the voltage this small error in a 


Figure 2. Dimen- 
sions of reactor 1 
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term which is small compared to the reactive term produces prac- 
tically no error when combined at right angles. 

It may be stated that in order to obtain values for the more cor- 
rect definition based on the fundamental current h, special equip- 
ment such as the harmonic analyzer is necessary, and for the average 
person to whom such equipment is not available, an approximation 
of this type is not out of order as long as it produces negligible errors 
in the final results. The writer would like to point out that Mr. 
Odessey in his paper (“Critical Conditions in Ferroresonance’’) 
makes an approximation which is far more serious in assuming the 
first term of equation 4 to be an ellipse. This term of the equation is 
an ellipse only when the total resistance is constant. The apparent 
resistance which must be considered as part of the total resistance 
varies greatly with the current as shown in figure 3. 

Equations 8 and 9 are empirical. When Ry = 0, they are the 
roots of equation 6 with the resistance omitted. The expression for 
Ry given by equation 10 is therefore empirical and is unrelated to 
Im as stated in the paper. To show that equation 10 is not a special 
equation limited only to a certain reactor, the following results ob- 
tained for three other three-legged reactors made with the same iron 
are given. 


Reactor 3 Reactor 2 Reactor 4 
Ro Ro Ro Ro Ro Ro 
Xe (Calc.) (Exp.) X,. (Calc.) (Exp.) X. (Calc.) (Exp.) 
OS eae: BT oi OB oivtcees DBs ciaye eSictraitl Own meets 98 eee Alico sO 
TS7h es, 20 HELO eeeiaus ¢ 43) 4, ano kien oe ceili. US 7a reel OS reer 
PHO Phyto $OS 27 UBD, Savas OS AD oats Oe wielenaie OTD aad t0ay aa leo 
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As stated before, a few ohms error one way or another when com- 
bined at quadrature with a much larger reactive term produces 
negligible error in the calculation of the voltage. 

Equation 7 will always give a value of current in the unstable re- 
gion. It is apparent from figure 1 that with a critical stable con- 
dition the current may have a wide range of values and still give the 
same critical voltage. Therefore even if this current varied with re- 
sistance for other types of iron, very little error would be produced in 
the critical voltage provided the current obtained is within the un- 
stable region. 

I fail to see any physical significance of the negative sign in front 
of the radical in equation 7. The equations as given in my paper 
apply only in as far as they fit the experimental curves for Xz, 
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and for this case the negative value of the effective current seems therefore 
meaningless. 
: X, = 620 


R; = 100 


Appendix 
From figure 1 


I. SAMPLE CALCULATION 


Tn\? 
For Reactor 1: D2 (Set 
n 
360 Sr age 
be ee 8 
Pe O115 oT + 


E = 0.49 (100 + 151)? + (620 — 0.93 X 272)? = 218 volts 
Therefore B = 360 


II. Dara ror REGENERATION CURVE, FIGURE 9 


B = 0.115 

Ke = 26 
Reactor 4: 

For X, = 272 ohms: 

Bee Control and regeneration coils on center leg 
1 
Re (72 2 
: &xo0115 2 ' oer n = 200 

N = 2,000 
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B70 11 
Im = —2 X 0.115 +/ (0.115)? + 3X 0.115 X 360 _ 0.49 ampere lag = 2D { 
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Discussions 
of AIEE Technical Papers Published 


~ Before Discussions Were Available 


‘On THIS and the following 15 pages appear discus- 

sions submitted for publication, and approved by the 
technical committees, on previously published papers 
presented at the AIEE winter convention, New York, 
N. Y., January 24-28, 1938. Authors’ closures, where 
they have been submitted, will be found at the end of the 
discussion on their respective papers. 


Matrices 
in Engineering 


Discussion and author's closure of a paper by Louis A. Pipes published 
on pages 1177-90 of volume 56, 1937, AIEE TRANSACTIONS 
(September 1937 issue of ELECTRICAL ENGINEERING) and pre- 
sented for oral discussion at the basic sciences session of the winter 
convention, New York, N. Y., January 26, 1938. 


Joseph Slepian (Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): Linear systems of equations such as are 
continually met in practical engineering problems, present their 
primary data to us in the form of a rectangular array of numbers, the 
coefficients of the various terms in the set of equations. All the 
information which it is possible to obtain mathematically about the 
physical system represented by the equations is buried or latent in 
this array of numbers. Whatever new information we succeed in 
arriving at about the system by purely mathematical means will be 
reached ultimately only by successions of arithmetical operations 
upon the numbers of the array. Hence, we may say that this rec- 
tangular array of numbers is the appropriate manner of mathematical 
description or representation of the physical system for which the 
linear system of equations was set down. Given the sufficient de- 
scription of the kind of equations for which the numbers serve as co- 
efficients, the array gives all the information about the system with 
no irrelevancy. Both the position in the array of a number and its 
magnitude are significant in determining the result of any actual 
calculation. 

Thus the matrix as an entity presents itself naturally and easily 
from the study of systems of linear equations. The various manipu- 
lations we make upon linear equations amount always to the calcu- 
lation of new (usually simpler) matrices from given matrices. Thus 
the idea of a matrix calculus arises. 

Two particular ways of calculating a new matrix from two other 
matrices keep recurring in practical problems. Because of their 
similarity to the arithmetic operations of addition and multiplica- 
tion of ordinary numbers, they are called matrix addition and matrix 
Thus we have a matrix algebra which is similar, 
The beauty 


multiplication. 
except for one important property, to ordinary algebra. 
and utility of this matrix algebra applied to important every day 
problems in electrical engineering are well brought out in the very 
excellent paper by Professor Reed. 

A finite number of applications of the operations of addition and 
multiplication of matrices will, of course, yield only polynomials, 
but Pipes in his remarkable paper shows the practical value of con- 
sidering an infinite number of applications of these operations, as in 
a power series, thus arriving at the notion of more general functions 
of matrices. Then the beautiful, powerful, but little-known Cay- 
ley-Hamilton Theorem shows that these general functions of a matrix 
are not nearly as complicated as one might first expect, but reduce 
to simple sums of these functions of the latent roots of the matrix 
with easily expressed matrix coefficients. 

I believe that this is the first time that the Cayley-Hamilton The- 
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orem has appeared in ELECTRICAL ENGINEERING. Pipes is to be 
highly commended for calling this powerful tool to the attention of 
electrical engineers, particularly as he gets down to brass tacks in 
his remarkable paper, and for several well chosen examples, shows 
how by proper use of this theorem, numerical results are quickly and 
easily reached. I hope this paper will receive the wide and careful 
attention it deserves, and that it will stimulate the further proper 
application of higher mathematics to electrical engineering problems, 


Louis A. Pipes: Doctor Slepian summarizes the utility and power 
of matrix algebra in the usual engineering problem leading to a dis- 
cussion of linear dynamical system in a most concise and comprehen- 
sive manner. 

There appears to be some confusion among some engineers con- 
cerning the relation of matrix algebra to tensor algebra. It should 
be realized that a matrix may be regarded as a tensor of the second 
rank with respect to a linear transformation. Since practically all 
the equations met in practical engineering problems are linear, linear 
transformations are encountered and consequently the summation 
convention, upper and lower indices, and other tensor machinery 
may be dispensed with and the classical matrix notation employed. 

Matrix theory has received a great deal of attention by the mathe- 
maticians and many powerful theorems exist in the mathematical 
literature which have great practical importance. By the use of 
these theorems, the solution of polynomial equations, the calculation 
of normal modes, and other processes of great importance in engi- 
neering and physics may be most easily accomplished. 

In conclusion, it should be pointed out that on page 1178 of the 
paper ‘‘Matrices in Engineering”’ the last word in section D should 
be ‘‘commutative’’ and not “symmetric.” 


The Properties of Three-Phase Systems 
Deduced With the Aid of Matrices 


Discussion and author's closure of a paper by M. B. Reed published on 
pages 74-7 of this volume (February section), and presented for oral 
discussion at the basic sciences session of the winter convention, New 


York, N. Y., January 26, 1938. 


Joseph Slepian: For discussion, see this page. 


Irven Travis (University of Pennsylvania, Philadelphia): I agree 
nost heartily with Mr. Reed that the matrix formulation of electric 
circuit problems clears away the algebraic debris and thus more 
clearly reveals the main line of reasoning. Mr. Reed has given a 
number of very interesting examples. 

There is one point which I should like to amplify. Below equa- 
tion 39 is the statement, ‘‘This equation cannot be used to determine 
Ey, in terms of I,, because of the singularity of the transformation. 
Further investigation will show that no relation can be found for 
Ey, in terms of J,,, and the circuit impedances or admittances; 
i.e., given a set of wye-connected impedances and the line currents, 
the phase generator voltages of the source cannot be computed.” 
Although it is true that there are infinitely many voltages which will 
satisfy the system, valuable information can be obtained by trans- 
forming equation 39 to symmetrical co-ordinates. 


Let the matrix S be defined as 


S=-—({(1a (1) 


Multiplying both sides of equation 39 by S and inserting S\S~! = 
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U; in the product on the right hand side, we have 


(SIpg) = (STy¥Ty2S—)(SEpq) (2) 


By expanding (SJ,,) and (SEpg) it is easy to see that 
SI pg = (Laro» Lau, I 412) (3) 
SE pg = (Eo, Fi, E02) (4) 


in which the added subscript (0, 1, 2) denotes a zero-, positive- ot 
negative-sequence quantity. 
Let Y, which is the inverse of 32, be denoted by 


ae Mu me) (5) 
Viz Y22 
then the product on the right hand side of equation 2 is 


Sih VTy,S™ 
0) 0 
Vit eae ye + ye2 — (ayn + 2a7y12 + Yoz 
—(a?y41 + 2ayi2 + Yo2) Yu — Nie + Yo 


Equation 2 is therefore of the form 


Srervoulll 


Log. = Y'E' pg. (6) 
where 

I'n9 — (au, Taiz) (7) 
E' pg = (Ero, E102) (8) 


(yu eae Ie oP 22) 


Vin ( —(ayn +- 207412 —+- 22) ) 
—(a%yy + 2ayi2 + yo2) 


(yu == EO SF 22) 


The matrix Y’ is not singular, hence it is possible to express the 
positive- and negative-sequence components of the generator phase 
voltages in terms of the phase currents and the circuit impedances. 
Thus the phase voltages are arbitrary because their zero-sequence 
components are arbitrary, but they cannot be assigned any values at 
random as might be inferred from the statement below equation 
39. 


M.B.Reed: As Mr. Travis points out, the generator phase voltages 
of a wye system are arbitrary only through the arbitrariness of the 
zero-sequence component of these voltages. This voltage compo- 
nent may have any one of a doubly-infinite set of values—any one 
of an infinite set of lengths, for a particular position or any one of an 
infinite set of positions for a particular length—and still the phase 
voltages will give the same set of line voltages. This result can be 
readily shown without recourse to symmetrical components as fol- 
lows: 

If the point at the center of gravity cg of the line-voltage triangle 
is designed by 0’ 


£1, a U.£',, = Wie(Eyo’, E20’, E30’). (1) 


Since 21. is singular, this transformation is irreversible. 
if the relation 


Ejo' + Eo’ + Eso’ = 0 


However, 


is used to eliminate 39’ from the first two of the equations repre- 
sented by (1), and if the third equation is omitted, the result is 


- 1-1 ie i Ve 
£ = E,o’, Ex’) = é 
€ 4 (Exo 20’) (; JE (2) 
and since the transformation matrix is nonsingular 
1 Py Ab 
E’ = — £ 
3 te ) (3) 


i.e., the voltages to the cg of the line-voltage triangle determine the 
line voltages. But from the fact that 
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¥- YE -¥ C =) E’ : (4) 


evidently the currents are completely determined from the voltages 
to the cg of the line-voltage triangle. F urther since 


Bing = Ei'yy + Eq'o(lll) (5) 


it is evident that E,’o, the voltage between the common point o 
of the generator and the cg of the line-voltage triangle, is the arbi- 
trary element in the phase voltages of the generator, and further that 
Eo’. has no effect on the currents in the system no matter what its 
value. 


Corona Voltages of Typical 
Transformer Insulations Under Oil 


Discussion and author's closure of a paper by F. J. Vogel published on 
pages 34-6 of this volume (January section), and presented for oral 
discussion at the electrical machinery session of the winter convention, 
New York, N. Y., January 27, 1938. 


I. W. Gross: For discussion, see page 194 of this volume (April 
section). 


V. M. Montsinger (General Electric Company, Pittsfield, Mass.): 
Mr. Vogel’s paper is of considerable interest to me as it deals with 
a subject along my line of work. 

I wish to discuss it from several viewpoints. 

Mr. Vogel’s experience with the harmful effects of air in his bar- 
rier parallels closely my own experience. As stated in my paper 
I found that any air at all in the structure gave misleading results 
and I found it necessary to assemble the sample under oil, not al- 
lowing the small coil used as the line electrode to come in contact 
with air after vacuum treatment and oil impregnation. 

I subscribe 100 per cent to his second conclusion in that it is very 
important to remove all entrapped air in transformers before making 
commercial tests at the factory.. Also if high-voltage transformers 
are not shipped filled with oil or are untanked for inspection, special 
means should be taken to remove the air. If a vacuum cannot be 
applied, one of the best means of getting the air out is to make a 
short-circuit heat run. Laboratory tests have shown that if oil is 
circulated by an air pocket it takes only a few hours to absorb the 
air. Tipping the transformer often is helpful in removing air pock- 
ets that are not adjacent to the oil in circulation. 

I note that Mr. Vogel obtained an impulse ratio in the order of 2 
to 2.3. My own tests do not bear this out. I have found that the 
ratio varies over a much wider range, depending on the construction 
of the sample. Based on the tests given in my paper and on the 
injurious corona voltage, I found a ratio of 1.75 for barrier C and 
2.48 for barrier D. Barrier C had a spacing of 0.641 inch from the 
coil to ground and D a spacing of 2.5 inches from the coil to ground. 
I cannot agree, therefore, that there is a constant impulse ratio for 
all voltage ratings of transformers. 

Mr. Vogel’s statement that the dielectric strength varies ap- 
proximately as the barrier thickness raised to the two-thirds power 
checks my experience. I have used this two-thirds-power rule for 
several years. I have found that the dielectric strength of oil when 
tested with edged electrodes or with round rods varies with the spac- 
ing raised to the two-thirds power. However, if tested in a uniform 
dielectric field it varies more nearly in proportion to the spacing, 
I believe that cable engineers have found that the strength of the 
paper covering varies approximately as the thickness. While cable 
insulation is stressed highest next to the bare part of the cable on 
account of its reduced periphery, the conditions are such that it cor- 
responds fairly well with a uniform field. That is, there are no sharp 
corners or edges to cause voltage concentrations. 

I believe it can be said, therefore, that the two-thirds-power law is 
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not inherent in the characteristics of the material—solid or oil— 
but by the shape of the electrodes. ‘ 

Conditions in transformers are such that most all insulations 
are in nonuniform fields and on this account we must generally in- 
crease the insulations faster than the test kilovolts. Roughly speak- 
ing, by the two-thirds rule, if the test is doubled, the distance or in- 
sulation must be trebled. This explains why the cost and size of 
transformers increases so fast with voltage. 


L. H. Hill (Allis-Chalmers Manufacturing Company, Milwaukee, 
Wis.): It is interesting to note from Mr. Vogel’s paper that as a re- 
sult of his impulse tests he has reached the conclusion that trans- 
formers should be filled with oil under a vacuum. 

The company with which I am associated has been filling high- 
voltage transformers with oil under a vacuum for about five years, 
and repeated tests have indicated the desirability of going to that ex- 
tra trouble. In connection with filling transformers under vacuum, 
we have found that the method of filling the transformer tanks with 
oil has considerable bearing on the amount of time required to do 
this. If the transformer tank is filled from the bottom, we have 
found that it may take as long as four days for the surplus air to come 
out of the oil; however, if the transformer tank is filled by running 
the oil in at the top so that the oil goes into the transformer as a 
foam, by the time the transformer tank has been filled, the oil is per- 
fectly quiet, indicating that all the air has been removed. 

From a practical point of view, the increased cost of building trans- 
former tanks so that oil could be installed in the field with the tanks 
under a vacuum would not be very great. 


Eric A. Walker (Tufts College, Mass.): Mr. Vogel, in his paper, 
has undoubtedly opened a field which may well help us to discover 
more of the factors which lead to the breakdown of fibrous insulation 
under oil. 

In this paper Mr. Vogel mentions the detection of corona by 
audible frequencies only, that is, directly by ear or by the use of a 
microphone. 

There are at least three methods by which corona may be detected. 
An audible method as described by Mr. Vogel makes use of the 
energy in a limited frequency range. A radio-frequency detector 
and amplifier, used in the radio- and intermediate-frequency ranges, 
has met with some success. One can also find the corona voltage by 
power-factor measurements and ascertaining the point at which 
there is an abrupt rise in power factor. In a recent investigation, 
in which the three methods were compared, the power-factor method 
showed a lower critical voltage than the other two methods. In 
another investigation, on a system of concentric electrodes separated 
by several layers of fibrous insulation, it was possible to detect when 
each layer of occluded air became ionized by a sudden increase in 
power factor. Of course such a method would not give a definite 
point on a large transformer unless the corona became quite general. 

The second consideration in this paper is its effect on operating 
practices. It is recognized that the first few days during which a 
transformer is energized are critical ones. This is probably more 
true of transformers which have served some time as spare trans- 
formers than of new ones. Failures during this critical period have 
usually been attributed to the absorption of moisture by the fibrous 
insulation. Although evidence indicates that the insulation does 
absorb moisture by breathing there is no proof that moisture alone 
is the only cause or even the principal cause of deterioration. Now 
Mr. Vogel points out that occluded gases may lower the corona 
voltage. This will cause “tracking’’ which would not take place if 
the gas were not present as is usually true in normal operation. This 
type of deterioration may well be more serious than the absorption 
of moisture for the damage caused by such carbonization is per- 
manent and cannot be remedied as the absorption of moisture can be 
by a mere drying process. . 

Ultimately it will be desirable to detect the formation of corona in 
transformers in service, both during normal operation and during 
overvoltage tests. It is extremely doubtful if aural methods would 
be sufficient for such tests. Radio-frequency tests are difficult to 
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use because of the normal corona in substations. A power factor 
test would have a wide application as a field test where the moisture 
content of the insulation is important as well as the voltage at which 
corona is initiated. Such a test also has the advantage of being a 
nondestructive test if applied at, or below, the operating voltage. 


J. O. Fenwick (Line Material Company, South Milwaukee, Wis.): 
Mr. Vogel’s paper on “Corona and Oil-Impregnated Insulation” 
describes one of several lines of investigations now being pursued in 
the improvement of transformer insulation, particularly against 
lightning surges. Elaborate studies, such as outlined in this paper, 
are ordinarily considered as being confined to large power trans- 
formers, but similar investigations are now being adopted in the 
development of distribution transformers as well. Such studies are 
of particular value in the design of rural-type transformers where 
exposure to lightning is severe and protection is not of the best. 
Other parallel lines of investigation on insulation are studies of power 
factor of the insulation, radio interference, as well as the more fa- 
miliar puncture tests on 60-cycle and impulse voltages. 

The corona test described by Mr. Vogel as well as the radio-noise 
and power-factor studies give valuable information not shown by 
the more conventional puncture tests. For one thing, this speci- 
men under test need not be totally destroyed as is frequently the 
case with puncture tests and yet the voltage can be raised to the 
point at which the insulation begins to show signs of distress as 
manifested by the corona markings mentioned by Mr. Vogel, or by 
radio noise where this is used as an indication of corona. Very often 
a better picture of the electrostatic field is obtained and corrected 
measures can be applied more intelligently than is the case where 
the test specimen is totally destroyed. 

Another result is that since corona is one of the first immediate 
indications of over-stressed insulation, the corona voltage is some- 
what analogous to the “yield point”? of a metal specimen with 
mechanical loading and the value of this information to the designer 
is obvious. 

The point not emphasized by Mr. Vogel is the uncertainty of re- 
sults and limited conclusions that can be drawn unless a great 
amount of test data is accumulated. The voltage resulting in co- 
rona and ultimate puncture of the specimen depends so much upon 
the shape of the electrodes, presence of sharp corners, and other 
such incidental factors that a seemingly comprehensive test often 
gives results which are rendered nearly valueless when some 
apparently minor change is made in the method of test. For this 
reason, tests made with electrodes and specimens which appear to 
simulate conditions in the actual transformer often give misleading 
results as far as numerical design data is concerned, and a large 
amount of testing must be done in order to obtain even a moderate 
amount of reliable and usable information. 

The seeming inconsistency of the results of insulation studies 
is illustrated by a comparison of the results reported by Mr. Vogel 
and others obtained by our own company. Mr. Vogel reports a 
ratio of roughly two to one between impulse puncture and 60-cycle 
corona voltage. Our own tests on samples of insulation and also 
assembled transformers indicate that this ratio, instead of being two 
to one as reported by Mr. Vogel, for well-impregnated specimens, 
may vary as much as ten to one, for certain peculiar conditions of 
test. Our results do emphasize, however, the importance of thorough 
impregnation and the necessity for eliminating air from the test 
specimen if consistent results are to be obtained. The results are 
of considerable value in giving the designer a ‘‘feel’’ of the distribu- 
tion of the electrostatic field, but as indicated in the foregoing, the 
numerical results must be used with considerable caution. 


F. J. Vogel: I was greatly interested in Mr. Montsinger’s discus- 
sion, inasmuch as he found that the air entrapped in insulation struc- 
tures caused them to give erratic results, and in his agreement with 
me that it wasimportant to remove all entrapped air in transform- 
ers before making commercial tests at the factory. It is my opin- 
ion, based on our tests, that higher values can be obtained by vac- 
uum filling than by removing air in any other way. Our own ex- 
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perience has been that transformers in service as long as a year and 
a half may still have entrapped air which can result in a failure. 
Therefore, vacuum filling would seem to be essential even in the 
field if maximum dielectric strength and certainty were to be ob- 
tained. 

I agree with Mr. Montsinger that it is possible to obtain impulse 
ratios over quite a range. However, I have tried to be careful to 
limit the application of the 2.2 ratio to a specific type of construction. 
My paper covered only barriers with interleaved insulation. De- 
pending upon the interpretation of Mr. Montsinger’s data for bar- 
rier D, somewhat lower values than 2.48 might be given. I have 
tried to be conservative in this to furnish values which could be 
expected rather than the maximum values. Barrier C is not of the 
same construction and, as stated in my discussion of his paper, I do 
not believe that his construction is typical of any insulation struc- 
ture actually used in a transformer. 

With relation to the dielectric strength of oil in uniform fields, or 
in fields due to edged electrodes or round rods, it is interesting to note 
Mr. Montsinger’s findings, and I believe this is a subject which is 
worthy of a future paper. 

The future of power-factor tests on transformers is uncertain in 
the writer’s opinion. Data which we have to date indicate that 
corona even in service is unlikely. To detect corona by power-factor 
measurements with present-day equipment seems impossible. 

The question of using voltage measurements and times only, in- 
stead of gap lengths for specifications and test purposes, seems to be 
evading the issue. One organization of consulting engineers speci- 
fies gaps to be installed at the terminals of their transformers. 
They specify that a voltage wave of given steepness be impressed 
upon the transformer to prove the transformer will withstand this 
condition. The purpose of this test undoubtedly is to prove that 
the transformer with the gap installed in service will be protected 
against failure of the transformer windings. If voltage data from 
one source is used to specify the voltage to be applied, and the tests 
on the unit are not made in the laboratory where these readings agree, 
it might be possible to obtain a transformer which would not with- 
stand the operating conditions desired by the purchaser. It seems 
to the writer that it is better to use a direct method of test rather 
than to use an intermediate step where there is a possibility of 
error. 

I believe that the previous discussions show clearly that it is pos- 
sible to increase the impulse strength of commercially oil-insulated 
transformers by admitting the oil to the tank while the winding is 
still under vacuum. It should be possible to do this in the field and, 
with special equipment filtering the oil, should be possible without 
even a temporary reduction in impulse strength from transferring 
the oil. The per cent increase in strength, due to vacuum-filling, 
as compared to nonvacuum filling, is variable. 


A Formula for the Reactance of the 
Interleaved Component of Transformers 


Discussion and authors’ closures of a paper by H. B. Dwight and L. S. 
Dzung published on pages 1368-71 of volume 56, 1937, AIEE 
TRANSACTIONS (November 1937 issue of ELECTRICAL ENGI- 
NEERING) and presented for oral discussion at the electrical machinery 
session of the winter convention, New York, N. Y., January 27, 1938. 


A.N. Garin (General Electric Company, Pittsfield, Mass.): A 
theoretically rigorous solution of the problem of transformer react- 
ance presents many difficulties due to the complexity of the physical 
structure of transformers. The factors chiefly responsible for these 
difficulties are: the curvature of windings, the presence of core iron, 
and the nonuniformity in the turn distribution in the cross section 
of windings. A practical engineering solution consists, therefore, 
first, of idealizing the structure until it is amenable to calculation by 
one of the theoretical methods available; second, of selecting the 
theoretical method best suited for the purpose and of performing the 
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calculation; and third, of applying to the result of the theoretical 
calculation, whenever necessary, an empirical correction factor, 
which should not exceed a few per cent of the calculated value. 
Thus, calculation of reactance for a modern complicated transformer 
is not science, but an art, based on science. 

The present trend in transformer design naturally results in a 
race between the growing complexity of windings and the increasing 
skill of the reactance calculator. The reactance calculator usually 


Figure 1. Cross 
section of windings 


wins the race, and when he does not, he can use a reduced scale 
model of the transformer to be built and obtain the reactance by test, 
as described in a recent AIEE paper,! a procedure which may save 
time, and incidentally a professional reputation. 

Mr. H. O. Stephens’ method of resolving the reactance of non- 
uniform concentric windings into the concentric and interleaved 
components is a definite milestone in the art of reactance calculation 
and Messrs. H. B. Dwight and L. S. Dzung are to be congratulated 
on the very clear presentation, in the first part of their paper, of the 
physical phenomena justifying this method. At the risk of being 
accused of pedantry, I should like to call their attention, however, 
to an obvious oversight in their statement that /2X is stored energy 
and is equal to the summation of H?/8r. Being power, and not 
energy, J*X cannot possibly be equal, but is proportional, to the 
summation of H?/87. 

Having resolved the reactance of the transformer into its concen- 
tric and interleaved components, the next step is to select suitable 
formulas for calculating the two components separately. For the 
concentric component Dwight and Dzung use the well-known ex- 
pression given by their equation 1. It will be observed that this 
formula does not take into account the curvature of windings and 
the presence of core iron, moreover, it assumes the effective axial 
length of windings to be equal to their physical length. The last 
two factors introduce errors of opposite signs, partly compensating 
one for the other, so that, as stated by the authors, the formula 
may be quite accurate, but only for a certain range of dimensions 
and proportions of the core and the windings. 

For the interleaved component Dwight and Dzung use a formula 
based on the theory of geometric mean distances. The effects of 
curvature and of iron are again neglected. The reactance in ques- 
tion can be calculated with equal or greater ease, and with all the 
accuracy required for the purpose, by older and better known meth- 
ods, of which that due to Rogowski? is perhaps the most advanced. 
The principal value of the second part of this paper is, therefore, in 
my opinion, not in the solution of this particular interleaved re- 
actance but in the relative novelty of the method of attack. Al- 
though a rather complete study of the application of geometric 
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distances to calculation of transformer reactances was pub- 
several years ago in German,’ American technical literature 
seems to have neglected the subject. 

_ Since the effect of curvature has been neglected in this paper in 
¢ alculating both the concentric and the interleaved reactances, 
5 othing would be sacrificed by performing the complete reactance 
cal ulation in terms of geometric mean distances. Figure 1 of this 
discussion represents the windings of the transformer investigated 
in the paper. Each winding is shown subdivided into five equal 
blocks. When operating on the 11,000-volt connection block 6 is idle, 
Primary-to-secondary reactance of a transformer is given, in terms 
of geometric mean distances, by the following formula: 


R®p-s 


X p~s = K log —————_ 
arte Rp- pRs-~s (1) 


where 


primary-to-secondary reactance 

coefficient depending on frequency, the length of mean 
turn, the base of the log, and the choice of units 

R = geometric mean distance between areas indicated by sub- 
scripts 


Xp-s = 
ing = 


For the present case the primary consists of blocks 1, 3, 5, 7, 9, the 
secondary of blocks 2, 4, 8, 10, so that equation 1 becomes: 


R*13573—24810 
X 13579-21810 = K log 


Riss79—13879 R2ss10—24810 


+5 0-4 
13579 —246810 13—24 
a ie SS (2) 
0-3 0-5 0-5 
i sey 13579—13579 Bee ia ni 
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Equation 2 contains only geometric mean distances between 
rectangles and from rectangles to themselves, all of which can be 
calculated by the method described in the paper. The point of par- 
ticular interest in this solution is that the final reactance has been 
obtained directly, without resolving it into concentric and inter- 
leaved components. 

If it is desired to retain the resolution of reactance into concentric 
and interleaved components, the concentric component can be readily 
calculated as follows. Let the primary, consisting of blocks 1, 3, 5, 
7, 9, be called A and the secondary, consisting of blocks 2, 4, 6, 8, 
10, be called C, so that equation 2 becomes: 


(3) 


Following the method described in the appendix to the paper and 
denoting the space between A and C by B: 


ABC-ABC B-B 
(a+b)? (b+tc)? 


Ratge: ed aon ie «te 


ARBAB BC-BC> ASA) C-C 


(4) 


all 


Finally, using natural logs and expressing geometric mean dis- 
tances in terms of semiperimeters, equation 4 can be replaced by 
the approximate expression: 


a c a c\2 
— pa coe b a 
ge ee ee er wily 
h h 


SOB: — Ky (5) 


For a wide range of proportions the approximate expression (5) 
gives a value within two per cent of the exact expression (4). 

An interesting side light on H. O. Stephens’ method may be ob- 
tained by substituting algebraically the values of concentric and 
interleaved reactances in terms of geometric mean distances, the 
former being given by equation 4, into the H. O. Stephens’ formula: 


If equation 6 were exact the result of this substitution would be 
equation 2. Actually, however, although a very close approxima- 
tion, equation 6 is not exact. The exact formula is: 


1 
X13579— 24810 = X 18572— 246810 ste 20 (5.X13579~ 246810 — 9X 195-246 -+4.X 13—24) se 


1 1 
25 Xeasio—6 + 100 (Xe-4 + 2X2~9 — 2Xo-3 — 


Xe-19 — Xi-s — 2Xi-5 + 2Xi-7 + Xi-») (7) 


Considering the difficulty of obtaining accurate reactance by tests 
on a model of the size described in the paper, the agreement between 
calculated and test values is satisfactory, even if inconclusive. It 
is regrettable, however, that the authors do not state whether in 
making their tests without an iron core they had the primary and 
secondary windings of equal turns and connected in series opposition, 
thus obtaining 


X-2 = o(L, + Lz — 2M\-») (5) 


o 


corresponding to the basis of their calculation. If in their tests 
they had the secondary short-circuited they were measuring: 


M*,- 
X\-2 = o(u = - | (9) 


Although (8) and (9) are practically identical for an iron core 
transformer, they may be radically different for an air core trans- 
former. 
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H. B. Dwight: In connection with the interesting discussion by 
A. N. Garin, a distinction may be made between expressions which 
are so long as to be of merely academic interest, and formulas which 
are concise enough to be of practical use. For instance, equation 2 
of the discussion contains four geometric mean distances of one rec- 
tangle from another, and if these are to be calculated by the method 
described in the paper, each would give rise to several self geometric 
mean distances, making 13 self geometric mean distances for the 
formula. But equation 2 of the paper gives the reactance with only 
four self geometric mean distances, and so is not unduly long. 

The observation is correct that 7?X is proportional to stored en- 
ergy, not equal to it. The coils in the model ironless transformer 
had a turn ratio of one to one and were connected in series. The 
secondary was not short-circuited. 

In the thesis work upon which the paper is based, the self- and 
mutual inductances were calculated, as a check, by formulas for 
cylindrical coils. This brought the curvature of the conductors into 
the calculation but not the effect of the iron core. It seems prob- 
able that such long calculations will not be practical for routine com- 
putations in designing. The need at the present time appears to be 
a comparison of the results of the shorter calculations with mea;- 
surements on a number of practical transformers whose dimensions 
have been accurately found, so that the percentage error to be ex- 
pected from a given calculation may be known. 


L. S. Dzung: Rogowski’s method of attacking the problem of re- 
actance of interleaved transformer windings, as mentioned in Mr. 
A. N. Garin’s interesting discussion, is very general in character; 
but the restriction! on dimension ratios of his approximate formula? 
limits its application more suitable to the calculation of the react- 
ance of an interleaved transformer rather than to that of the inter- 
leaved component of a transformer. The coil shape of the former is 


1 (6) usually such that the axial height is small compared to the radial 
Xissro—21810 = Xrss79—ne810 7 25 Xassi0-6 depth. This condition is seldom realized in the case of the inter- 
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leaved component of a transformer. His more exact formula? is too 
lengthy to be applied in practical designing. 

It may be noted that the curves on figure 2 of the paper and the 
little formula printed beside offer a very simple means to a practical 
designer. Equation 2 of the paper and also equation 2 and equation 
4 of Garin’s discussion have the disadvantage that they involve ob- 
taining a small number from the difference between large numbers. 
In preparing the curves logarithms have been taken to a sufficient 
number of significant figures so that the final results will give en- 
gineering accuracy. 

Equation 4 of Garin’s discussion, which is equation 9 of G. Petrow’s 
paper in Elektrotechnik und Maschinenbau, 1934, has been used in the 
thesis to compare the reactance of the concentric component as 
calculated by the geometric-mean-distance method against that by 
the formulae for cylindrical coils and by the usual formula, equation 
1 of this paper. The results of these three calculations are respec- 
tively 5.30 per cent, 5.31 percent, and 6.21 per cent for the trans- 
former given in example II of the paper. 

The effect of the iron core can be taken care of by the method of 
image as indicated also in Petrow’s paper. A comparison between 
equation 21’ and equation 23 of Rogowski’s paper shows that this 
effect would not be very great 
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Oil Oxidation 
in Impregnated Paper 


Discussion and authors’ closure of a paper by J. B. Whitehead and 
T. B. Jones published on pages 1492-1501 of volume 56, 1937, 
AIEE TRANSACTIONS (December 1937 issue of ELECTRICAL 
ENGINEERING) and presented for oral discussion at the cables and 
research session of the winter convention, New York, N. Y., January 


27, 1938. 


L. E. Fogg and R. B. Power (Kennecott Wire and Cable Company, 
Phillipsdale, R. I.): About eight or ten years ago the research 
department of our company attempted some electrical tests on 
samples quite similar to those used by the authors. The results of 
this work were very unsatisfactory because of the nonuniform 
shrinkage of the paper samples. During the drying process, bulges 
and swills were formed in the samples to such an extent that the 
upper electrode was appreciably raised, even though its weight was 
sufficient to produce a pressure of several pounds per square inch 
on the sample. We would be interested to know if the authors en- 
countered any such difficulty in their work, and how they were 
able to avoid it. 

In connection with figure 7 of the paper, the authors suggested that 
a cause of the rising power factor—voltage characteristic might be 
the formation of some ions through atomic or electronic collisions. 
It is not obvious why such a factor should permit later flattening of 
the curves as still higher voltage stresses are applied, unless it may be 
assumed that there are but a limited number of atoms susceptible 
to such ionization. We would appreciate hearing the authors’ view- 
point on this phase of the subject. 

There is an apparent discrepancy in figures 22 and 23. The au- 
thors attribute to incomplete saturation both the low capacitance of 
figure 22 with respect to the comparable oxygen treated sample, 
and the initial decrease of the ionization curve of figure 23. How- 
ever, this decrease apparently is brought about by more complete 
saturation, which at the same time should bring about an increase 
in the capacitance of figure 22, which increase is conspicuously ab- 
sent. 
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The catalytic effect of metals on oxidation as well as deterioration 
of the oil in the absence of oxygen has been referred to at several 
points in the paper. However, data has been given only for brass. 
It seems that similar data for the metals, which the cable saturant 
must contact, would be of greater interest and value. We would 
appreciate such data as the authors might be able to supply for such 
metals as copper, lead, tin, and iron. 

The conclusions drawn by the authors upon the effects of oxidation 
cannot be applied to cable practice without further investigations. 
All the work has been done for relatively short time intervals: 192 
hours is, after all, but a brief period in the expected life of a power 
cable. Almost none of the curves has approached a constant value 
of power factor in this length of time. It seems safe to assume that 
these curves will continue to rise for a much longer period of time, 
eventually, perhaps, to a value so high that successful cable operation ~ 
might be impaired. It also seems possible that there may be some 
further later reaction of the oxidized products with themselves or 
with fresh oil, which may cause a more rapid increase of power fac- 
tor. Certainly, definite conclusions should not be reached until 
the results of the authors have been substantiated by long time tests. 

Moreover, these tests have been made under constant conditions 
of temperature and pressure, tending to discourage any movement 
of the oil through the samples. If the samples were subjected to 
load cycles similar to those of an operating cable, so that there would 
be an oil migration, permitting the oxidized products to encounter 
fresh oil, an entirely different set of results might be obtained. 

We hope that Professor Whitehead will continue his work on this 
phase of cable saturants, so that these factors of time and oil migra- 
tion may be considered. 


L. J. Berberich (Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): The result reported by the authors 
that small amounts of oxygen had practically no effect on the 
electrical properties of the one oil studied throws new light on the 
oxidation problem of cable oils. Unfortunately, however, in order 
to generalize this result, a range of oils of different constitution 
must be studied. The authors give very little information which 
would enable one to obtain an idea of the constitution of the oil 
except for the broad statement that the oil is a “highly refined paraf- 
finic cable oil.’ While there is no accurate way of charac- 
terizing the constitution of oil, it has, nevertheless, been found that 
the ‘‘viscosity index’’ is of value in this connection. This leads the 
writer to suggest that more use should be made of this index by those 
studying insulating oils. 

The term ‘‘viscosity index’”’ and its use as a constitutive property 
of the oil was first proposed by Dean and Davis (Chem. and Met. Eng., 
volume 36, page 619, 1929). It is independent of the value of the 
viscosity and permits the expression of the viscosity-temperature 
coefficient of the oil as a simple function of the Saybolt universal 
viscosities at 100 and 210 degrees Fahrenheit. The system was de- 
vised on the basis that a typical coastal oil is taken to have a vis- 
cosity index of zero and a typical Pennsylvania oil is taken to have 
one of 100. From empirically derived equations connecting the 
viscosities at 100 and 210 degrees Fahrenheit for oils from these two 
extremes of crudes, Dean and Davis compute data for a table. 
Knowing the viscosities at 100 and 210 degrees Fahrenheit, use of this 
table and a simple arithmetic calculation will give the viscosity index. 

A number of interesting correlations of viscosity index with other 
properties of insulating oils have already been made. Sommerman 
(ELECTRICAL ENGINEERING, volume 56, page 566, 1937) has found 
that the amount of x-wax formed by cable oils when subjected to 
gaseous ionization increase with increase in viscosity index of the 
oil. Balsbaugh, Larsen and Oncley (1937 Report on Research Proj- 
ect on Electrical Insulating Oils at MIT sponsored by Utilities Co- 
ordinated Research, Inc.) have found at least an approximate re- ; 
lationship between ease of oxidation and viscosity index among a 
group of oils representing extremely wide variations in constitution. 
Viscosity index heads the list of physical constitutive properties 
which these workers suggest as useful for predicting chemical be- 
havior. The writer also, in his work on cable oils, whether it was a 
study of stability to oxidation or stability to gaseous ionization, has 
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found the use of viscosity index valuable. Hence, with this much 
evidence in favor of viscosity index, the writer believes this work of 


the authors could be better correlated with that of others if the 
viscosity index had been given. 


G. M. L. Sommerman (American Steel and Wire Company, 
Worcester, Mass.): From the physical properties of the oil given in 
table II by Whitehead and Jones, it is calculated that the specific 
gravity of the oil at 60 degrees Fahrenheit is G = 0.918 and the 
viscosity at 100 degrees Fahrenheit is V = 2,360 Saybolt seconds. 
These data may be used to calculate the viscosity-gravity constant 
of the oil according to the method proposed by J. B. Hill and H. B. 


Coats (J. Ind. and Eng. Chem., volume 20, 1928, page 641), which is 
as follows: 


a 10 G — 1.0752 log(V — 38) 
10 — log (V — 38) 


a 


For the oil in question, a = 0.84; for highly paraffinic oils, a = 0.80; 
for highly naphthenic oils, a = 0.87. This indicates that the oil is 
probably of midcontinent source with a viscosity index in the neigh- 
borhood of 70. It would be of interest to have oxidation data of the 
kind presented by Whitehead and Jones for the other types of oils. 

From the data presented in this paper it is not clearly proved that 
the process of oxidation in oil (as distinct from the results of oxida- 
tion) is a source of increased power factor. First, the decrease in 
power factor following the degassing of aged oil may be due to the 
removal of volatile oxidation products, as recognized by the authors. 
Second, the higher “ionization factors” of the undegassed samples 
compared with those of the degassed ones may also be due to volatile 
constituents. Third, the greater rate of rise of power factor with 
increase in temperature for specimens containing more oxygen may 
be due simply to the higher power factors of the more highly oxidized 
oils. Power factor-temperature curves of impregnated paper similar 
to the authors’ figure 18 were reported by the writer in a recent paper 
(ELECTRICAL ENGINEERING, volume 56, 1937, page 566, figure 6). 
Rapidly rising power factor-temperature curves were obtained when 
the saturants were degassed deteriorated oils, and the values were 
practically independent of time, at least up to 24 hours. This is also 
in accordance with the results reported earlier by Whitehead (AIEE 
TRANSACTIONS, volume 52, 1933, page 667). 


Herman Halperin (Commonwealth Edison Company, Chicago, IIl.): 
We in Chicago have been making tests on 1,000-foot lengths of 
experimental 132-kv cable and have obtained some test data on the 
effects of small amounts of dissolved oxygen or air on the character- 
istics of oil-filled cable insulation. Apparently during either 
manufacture or installation a slight amount of air was entrapped in 
some of these cables. After these cables had been subjected to 
heating cycles to about 70 degrees centigrade for 10 or 20 days, meas- 
urements of power factor at 60 degrees centigrade showed no change 
at all from the measurements obtained when the cables were first 
installed. In one cable the effects of the entrapped air required one 
month to show increases in power factors at 60 degrees centigrade, 
while for the other cable a few years were required. 

From this experience and other considerations, I am forced to 
disagree with the conclusion of Whitehead and Jones on the relative 
unimportance of small amounts of oxygen as affecting electrical 
properties. Tests on this point apparently require more than the 
seven days used by them. 

One of the outstanding characteristics of the deteriorated experi- 
mental cables in Chicago was the development of so-called negative 
ionization factors. The authors’ tests obviously did not last long 
enough to develop negative ionization factors. 

It is of interest to note that the ionization factors reported by the 
author decreased ‘“‘when oxygen and volatile products were with- 
drawn.’ This fact seems to indicate that some gaseous ionization 
was present, and such a conclusion is supported by the test results 
with nitrogen. 

The radial power-factor tests were made at room temperature. 
We have found that samples which show interesting variations in 
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power factor when tested at 60 degrees centigrade show in some 
cases insignificant variations at room temperature. 

One of the helpful results of the authors’ studies is that, in testing 
stressed oil, it is better not to remove moisture and volatile products 


in order to retain reliable indications of the condition of the stressed 
oil. 


J. B. Whitehead and T. B. Jones: We are in agreement with the 
suggestion of Doctor L. J. Berberich that it would be desirable to 
correlate all studies of the electrical properties of oils with the respec- 
tive values of the viscosity index. In the case of the oil used in our 
studies, we did not determine the viscosity index, nor was it fur- 
nished with other properties of the oil as given by the refiner, as 
set forth in table 2. We note, however, that Doctor Sommerman 
in his discussion has estimated the value of the viscosity index to be 
in the neighborhood of 70. 

Mr. Wyatt raises the question of the influence of a longer period 
of test on variations of layer power factor due to oxidation. We agree 
with him that longer tests would probably accentuate layer varia- 
tions of power factor. However, our results indicate that the U- 
shaped curves sometimes observed in new cables are probably not 
due to oxidation. Furthermore, we have given evidence of a quan- 
titative evaluation of the amount of oxygen necessary to produce a 
layer effect within a limited time. 

Replying to Messrs. Fogg and Power, we encountered no instances 
of buckling or nonuniform shrinkage in our samples. Throughout 
our tests a constant weight was kept on the upper electrode. This 
was done to maintain uniform pressure throughout the test. Ap- 
parently this weight was sufficient to prevent troubles of the nature 
mentioned. A rising power factor-voltage characteristic passing 
through a maximum, and followed by a descending portion has often 
been noted in our work. An explanation has been offered in the 
paper “Residual Air and Moisture in Impregnated Paper Insulation— 
II” (Whitehead, Kouwenhoven, and Hamburger, AIEE TRaNns- 
ACTIONS, volume 47, 1928). The conductivity and the number of 
ions in the oil have relatively low values. With increasing stress 
collision ionization is possible, but is not cumulative, owing to the 
limited length of path. Above a certain stress all of the free ions, 
including those caused by ionization, pass to the limits of their free 
paths in both positive and negative half cycles. A saturation con- 
dition results, the power factor passes through a maximum, and with 
further increase of voltage, conduction current is constant and capaci- 
tance current increases, causing a decrease in power factor. This 
picture is a suggestion only. An alternative one for the rising power 
factor at lower stresses is that with increasing stress large molecular 
aggregates surrounding the ions are stripped of their outer envelopes 
of neutral molecules, acquire higher velocities with resulting in- 
creased conductivity. The curves of figure 21 indicate that with in- 
creasing temperature both of these effects may be involved. 

The apparent inconsistency between the power factor-voltage and 
power factor-time curves for nitrogen and for air is due to the differ- 
ence in pressure (gas content) between the two tests. The nitrogen 
test was at ten centimeters and air test at one millimeter pressure. 
Thus in the nitrogen sample there was 100 times as much gas as in 
the air sample. Thus capacitance changes in the latter were too 
small to be detected. In this connection, it is worth noting that the 
constant value of capacitance of the air sample is between five per 
cent and ten per cent less than that of the one-millimeter oxygen 
sample, thus indicating a better impregnation for the latter. 

We are glad to note Doctor Sommerman’s computation of the 
viscosity index of the oil. We note also that he feels that our tests 
do not clearly prove that the process of oxidation is a cause for in- 
creased power factor. We agree to this, but on the other hand, we 
are not greatly impressed by the grounds of his doubt. What rea- 
sons has he for supposing that volatile products of themselves can 
cause an increase in power factor? The work of Piper in fact in- 
dicates that the addition of a wide variety of soluble oxidation 
products to an oil has little if any effect on power factor and loss. It 
seems to us that a far more probable and powerful cause is to be 
found in the continual process of chemical change during oxidation, 
and the temporary separation during this process of ions of opposite 
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sign. If such is the case, increases in conductivity and power factor 
are logical. 

We agree with Mr. Halperin and others that in any studies of the 
oxidation process long periods are desirable. He makes the mistake, 
however, of comparing the conditions of our tests with those of his 
longtime tests on completed cables. His tests contain a variety of 
factors and influences on power factor and stability that we have 
taken great care to eliminate. His succession of temperature cycles 
particularly, introduces the whole question of the creation of voids 
and the resulting gaseous ionization. Gas bubbles and voids and 
gaseous ionization in the ordinary sense were apparently entirely 
absent in our tests. In fact we find in the result of Mr. Halperin’s 
tests a strong corroboration of our conclusion that oxygen in small 
amounts in impregnated paper insulation has little or no effect as a 
deteriorating agent. In particular we repeat that in our experi- 
ments a constant supply of oxygen was kept up, which is definitely 
not the case in a closed cable, and that in spite of this fact, oxygen 
to the extent of 0.013 per cent by volume in the oil has an effect on 
the oil which is not greater than that caused by contact alone with 
paper and with metals. 


The Current-Carrying Capacity 
of Rubber-Insulated Conductors 


Discussion and author's closure of a paper by S. J. Rosch published 
on pages 155-67 of this volume (March section), and presented for 
oral discussion at the cables and research session of the winter con- 
vention, New York, N. Y., January 27, 1938. 


H. B. Dwight (Massachusetts Institute of Technology, Cambridge): 
In 1935 and 1936 some thesis investigations were made by C. R. 
Boytano, I. I. Hochberg, and B. R. Souza at Massachusetts Institute 
of Technology, under my supervision, on the current-carrying 
capacity of single-conductor, 600-volt, rubber-insulated, braid- 
covered conductors in three and one-half-inch fiber ducts encased in 
concrete. The duct line was 30 feet long, with three ducts. Two 
sizes of samples furnished by the Simplex Wire and Cable Company 
were tested, with the following results: 

Over-all thermal ohms per foot of duct, from the copper to the 
outside of the concrete, with the copper at 40 degrees centigrade. 


Thermal Ohms per Foot 
(Degrees Centigrade for One 


Size _ Number in Duct Watt per Foot of Duct) 
Nea ber 2/0), deaaresae deena ein sro thea ees Beate dae sai nen a amen 5.0 
INfa mater 4/10) ca.rcnajsnes he! sien tpiecens eerste Dt bndNar auata aaksyiei ste wt anak’ 3.8 
INmber 2 /iOntec ce. ccoveta he sierscrets ermiers Diayeenre PAS e ani ckcters Mer enttene 3.4 
SOO DOO circular aS A, case cyte Acisae G Macirese oh Phe ni mc Giewanvratane 4.9 
SOMO cite alae, Bhs race dass sae ote Dede auotenar aneeetiop reigns ieee ae tne 2.9 


The thermal ohms are slightly less than the values given, for 
temperatures above 40 degrees centigrade for the copper. 

These results for fiber duct are of course not directly comparable 
with those for iron conduit. 


W. A. Del Mar (Habirshaw Cable and Wire Corporation, Yonkers, 
N. Y.): This is not merely another paper on ‘‘carrying capacity.” 
It is the culmination of years of co-operative effort and research in 
which practically all who have studied the subject have had some 
voice. It should form the basis of future standard tables of carrying 
capacity and of future practice. 

Mr. Rosch is to be congratulated on a fine piece of laboratory 
work and on his effective collaboration with other engineers in 
orienting his new data in relation to their data and experience. 


D. W. Ver Planck (Yale University, New Haven, Conn.): The 
interesting paper by Mr. Rosch gives a much needed treatment of 
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the subject of heat transfer from wires both in conduits and in the 
open. The study is based on the assumption that the heat transfer 
from the wires is entirely in the radial direction, as of course it is, 
for the major portion of any long uniform cable. One should not, 
however, lose sight of the fact that near the terminal of a cable there 
may be a considerable axial transfer of heat to or from the connected 
apparatus. 

From the standpoint of this paper the case of greatest interest is 
where the connected apparatus tends to run hotter than the cable. 
This condition is encouraged by various apparatus standards which 
permit a maximum terminal rise of 30 degrees centigrade and in some 
cases even 40 degrees centigrade. Obviously, such rises above a 
30 degree centigrade ambient will subject the end of the cable to 
temperatures from 10 degrees to 20 degrees centigrade in excess of the 
50 degrees centigrade specified by Mr. Rosch as the limit for rubber 
insulation, It is the purpose of this discussion to indicate how great 
a length of the cable will be influenced by the high terminal tempera~ 


ture rise. 
To derive the equation for axial temperature distribution let 


= distance along cable from terminal 


x 

T = temperature rise of copper at x 

Ty) = temperature rise of terminal 

q = heat generation per unit length 

k = (radial) thermal conductance per unit length 
R= (axial) thermal resistance per unit length 


Upon applying the condition of heat balance to a differential length 
of the cable, there results the differential equation: 


Assuming that the length of cable extending from the terminal is 
great, the solution is: 


— VRRx 
r=(n- 2). ie 


indicating that the temperature rise decreases exponentially with 
distance along the cable from the terminal value 75 to the value 
q/k which applies for conditions remote from the ends. A measure 
of the length to which the terminal temperature is propagated into 
the cable is (RR)~'/%, a quantity which increases with cable size but 
in less than direct proportion. If the distance along the cable from 
one terminal to the next is not great, another solution taking account 
of both terminal conditions can be easily obtained. 

Figure 1 of this discussion illustrates the use and checks the cor- 
rectness of this analysis. A 4/0 cable in open air carrying 225 am- 
peres is connected to a switch terminal having a rise of 35 degrees 
centigrade. The curve is calculated and the circled points are 
thermocouple measurements. The radial conductance per unit 
length k was deduced from Mr. Rosch’s paper, table IV. The am- 


4/0 CABLE IN AIR 
225 AMPERES 


35 DEGREES CENTIGRADE 
TERMINAL RISE 


TEMPERATURE RISE OF COPPER — DEGREES CENTIGRADE 


0 | 


: 2 
Figure 1 FEET FROM TERMINAL 
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vient temperature was 25 degrees centigrade, and, while under these 
conditions the cable remote from the terminal attained a temperature 
of only about 36 degrees centigrade, a length of five or six inches near 
the terminal was subjected to temperatures in excess of the 50 
degrees centigrade limit. Had the cable been worked to the limit 
calculated by Mr. Rosch’s method, a still greater length would have 
been subjected to excess temperature, even though the safety factor 
included in curve C of figure 9 tends to reduce this length. 

The possible overheating of the end portions of cables as a result 
of the high terminal rises permitted by various apparatus standards 
seems particularly worthy of consideration when it is remembered 
that these same end portions are likely to receive the greatest 
mechanical abuse during installation. It is hoped that the material 
in this discussion may help toward a better understanding of tem- 
perature conditions that sometimes exist near cable terminals. 


Herman Halperin (Commonwealth Edison Company, Chicago, 
Ill.): Rosch and those who worked with him are to be congratulated 
for giving us some valuable information on rubber-insulated con- 
ductors. The data presented, however, are not convincing that 
code rubber will have a long life when operating at 50 degrees centi- 
_ grade. In their tests at 50 degrees centigrade the physical proper- 
_ ties decreased. Perhaps the author is relying on the load in service 
_ actually being usually less than the rated load, or on the ambient 
_ temperature being less than 30 degrees centigrade most of the time. 
In connection with building wiring, it seems to me that more 
thought should be given by the industry to the use of better grades 
of rubber instead of Code rubber, especially where there are possi- 
_ bilities of loading near the ratings or of high ambient temperatures. 
I have heard of some buildings where the rubber on the circuits was 
even two steps better in quality than Code rubber. The additional 
cost for a better grade of rubber insulation is small, especially in pro- 
portion to the total installed cost of a wiring installation, while the 
life of a wiring installation is on the average sharply increased by the 
use of better rubber. 

It is interesting to note in figures 3, 4, and 5 that the rubber from 
the number 0000 cable stood up better than the rubber from the 
number 14 and number 16 wires. It would be interesting to know 
the author’s explanation. 

Referring to figure 9, which shows that the surface resistivity 
increases for cable diameters up to one and three-fourths inches, we 
have in the Commonwealth Edison Company been using a similar 
characteristic in resistivity for about ten years. Our curve is based 
on test data obtained for us by Barenscher at the University of 
Wisconsin. The curve is convex upward and has a resistivity of 
400 for zero cable diameter, which becomes a value of 1,200 at two 
and one-half inches cable diameter. Mention of our curve has been 
made in the NELA meetings and in C. A. Bauer’s article presented 
at the Great Lakes Section of the NELA underground systems 
committee on April 10, 1931 (Published in “1930-31 Report of 
Engineering Section,’ Great Lakes Division, NELA, Appendix 
XX XV, page 237). Our values are somewhat lower for the smaller 
cables than shown. 

It would be of interest to know why the author plotted on figure 9, 
apparently, data from table VII instead of from table IV of his 
paper, because the latter data would result in a lower resistivity and 
a lower curve. 

In contrast to the author’s proposal to use the total area of two 
or three cables in a duct in connection with thermal resistivity, we 
have tried to take some recognition of the fact that the surface in 
the center of the combination of cables does not radiate heat. Asa 
result, we have worked out a term for thermal resistivity for three 
cables based on two and one-fourth times the surface of one cable, 
the corresponding term being 1.83 in the case of two cables. 


R. J. Wiseman (The Okonite-Callender Cable Corpany, Inc., 
Passaic, N. J.): Every engineer who has had occasion to compute the 
current-carrying capacity of rubber-insulated conductors installed 
in conduits has been puzzled by the difficulty of checking his calcu- 
lations with the National Electrical Code. The other discussers 
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have brought out the valuable work done by Mr. Rosch and his 
associates for the NEMA rubber covered building wire technical 
committee and we cable manufacturers are very grateful for the 
clearing up of many of the questionable constants such as radiation 
from braids and conduits of various sizes. To me, the real value to 
the paper comes from our ability now to be more certain of our 
calculations and the opportunity of revising the NEC so as to 
properly rate cables when drawn into conduits whether or not a 
single cable or several cables are used. Heretofore it was difficult 
to convince an electrical contractor or some utility engineers that 
the Code at the present time does not specifically state the current 
loading tables are for a single cable in a conduit, We are hoping 
that the Code tables will be revised and that they will give loadings 


for both single cables and three cables in a conduit such as table XI 
of Mr. Rosch’s paper. 


S. J. Rosch: Professor Ver Planck’s comments with regards to the 
axial transfer of heat from connected apparatus to the terminating 
end of a cable, are very timely and to the point. This is a feature 
which has received very little consideration in the past and we recom- 
mend a study of his discussion by all those who are engaged in con- 
sidering the question of heating of wiring in panelboards, circuit 
protection and the uniform current rating of service equipment. 

Mr. Halperin questions the life of Code-grade rubber insulation at 
50 degrees centigrade. As stated in the text, the investigation at 50 
degrees centigrade was conducted on samples of cable submitted by 
eleven manufacturers. Figures 4 and 5 were chosen as typical of 
the extremes in performance when aged at 50 degrees centigrade. A 
study of figure 4 indicates that the trend is definitely parallel to the 
horizontal axis. This was true even when the aging was extended 
over a period of 19 weeks. From this it was felt that 50 degrees centi- 
grade would give satisfactory life for Code-grade rubber insulations. 
Although space limitations prevented giving the performance data 
for the other nine manufacturers’ products, it can be stated that they 
all showed the same trend as shown in figure 4. 

We sympathize with Mr. Halperin’s views on the desirability of 
using better grades of rubber insulation than the minimum grade 
now required by the National Electric Code. That the tendency is 
definitely in that direction can be seen from the fact that the Federal 
Specification Bureau’s Specifications JC 106 and JC 121 now re- 
quire a superaging type of rubber insulation for use on all ‘wiring in 
projects under Federal supervision. This same type of insulation 
is also being considered by suitable committees in NEMA, IPCEA, 
and the ASTM subcommittee on rubber insulated wire and cable 
specifications. The National Electric Code has recently appointed 
a committee to study the trends in higher grades of rubber insula- 
tion, as well as other insulations which are capable of higher operat- 
ing temperatures and possibly increased current ratings. 

Regarding Mr. Halperin’s question as to the reason why the 
physical aging of the 4/0 cables showed up better than the smaller 
sizes, we can only assume that this was a coincidence for manufac- 
turers A and B. Had we given the data for the other nine manu- 
facturers, it would have been seen that in six of the cases, the 4/0 
cables showed up poorer than the smaller sizes. 

As regards Mr. Halperin’s questions on the values of By, the 
values plotted in figure 9 are the average values for By given in table 
IV and, since they are the average, they are more truly representa 
tive. The values given in table VII are for one condition only, 
namely, ‘horizontal open,” and may be found under this column 
in table IV. During the computation of our results, we also used 
the areas suggested by Mr. Halperin, but they resulted in values 
for B, that could not be fitted to a curve. It can also be readily 
seen that to use the areas suggested by Mr. Halperin, would result 
in more complicated formulas. Furthermore, so long as the “total” 
area is used in the computation of B, and in the ultimate calculation 
of current-carrying capacity, no error is introduced in the result. 

We appreciate the references given by Mr. Halperin concerning the 
values of B used by his company. We calculated several values of 
B from the data presented in Mr. Bauer’s paper and found that on 
plotting them in figure 9, they practically fitted on curve C, the 
curve adopted for standardization. What is more surprising, how- 
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ever, is the fact that a curve plotted from the data presented by Mr. 
Bauer, almost completely parallels our curve B. It is regrettable 
that the factual data on which Mr. Bauer’s formula for B is based 
was not given in his paper. 

The comments of Professor Dwight are of interest, even though 
the data is not directly comparable to that obtained with iron con- 
duit. They do, however, afford the author an opportunity to ex- 
press his deep appreciation for the very excellent work done by Mr. 
C. R. Boytano, mentioned in Professor Dwight’s comments. Mr. 
Boytano was responsible for the investigation of the thermal surface 
resistivity under the very able supervision of Messrs. A. C. Connell 
and B. Jore. 

We also appreciate the kind remarks of Mr. W. A. Del Mar and 

Doctor R. J. Wiseman. The author was extremely fortunate in 
being able to discuss his results with the leading cable engineers in 
NEMA and the IPCEA. The present paper represents the com- 
bined engineering thought and effort of the wire and cable industry 
and, in conclusion, the author wishes once more to express his sin- 
cere appreciation to all those whose efforts were instrumental in 
making this paper possible. 


Mechanical Uniformity 
of Paper-Insulated Cables 


Discussion and authors’ closure of a paper by K. S. Wyatt, D. L. Smart, 
and J. M. Reynar published on pages 141-54 of this volume (March 
section) and presented for oral discussion at the cables and research 
session of the winter convention, New York, N. Y., January 27, 1938. 


W. A. Del Mar (Habirshaw Cable and Wire Corporation, Yonkers, 
N. Y.): Once again we are indebted to the Detroit Edison Com- 
pany engineers for useful tools to assist in cable research. They have 
given us the radial power factor test, the hydrophil test, and now 
they give us the torsional penetrometer and the styrene wafer. 
We manufacturers are grateful for these means to assist us in giving 
to the industry the best cable that science and skill can produce. 

The authors are undoubtedly right in looking for improvement in 
cable performance by the perfecting of mechanical uniformity. This 
goal has been the aim of cable manufacturers for many years, as 
evidenced by the improvements in taping and cabling machines, 
the use of caterpillar take-offs, pre-spiralled sectors, humidity 
control, and so forth. I doubt whether the styrene wafer 
will add anything to the knowledge which is the basis of 
these developments. So far, the styrene wafer has revealed nothing 
of that kind which was not known to the machine designers. 

It is rather in more fundamental research that the styrene wafer will 
prove its usefulness. It has shown, for instance, that the paper 
tapes are practically tangential to round strands, thereby substan- 
tiating one of the claims made for the compact type of conductor, 
and it has definitely revealed the voids created by load cycles, both 
of which features in the past have been obscured by burring of the 
paper in cutting sections. 

The number of inherent insulation failures in cables is now very 
small. If totally eliminated, the effect on the total outages would 
scarcely be noticed. If we leave out failures due to improper design 
of vertical cable ends, it is probable that a large proportion of the 
very small residual total of inherent insulation failures would be 
found to be due to unavoidable defects caused by the inherent 
fallibility of men and machines, rather than to any general 
condition susceptible of discovery by means of wafers. This is not 
to be interpreted as meaning that, in my opinion, cables are not 
susceptible of improvement. We shall have thinner walls, greater 
dielectric strength, greater power-factor stability, better sheaths, 
and many other improvements. I merely say that such improve- 
ments in mechanical structure of insulation as may be made in the 
future, will not materially reduce outages of cable. 

It is, of course, in three-conductor, and particularly sector cables, 
that there is the most room for mechanical improvement, but life 
tests show that these cables are surprisingly close in quality to the 
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single-conductor cables. Furthermore, the most carefully made 
laboratory-built cables are just as variable in their performance in 
load cycle tests, as the ordinary factory-built cabies. 

Inventors, realizing this condition, have sought to extend the volt- 
age limits of cable, not by insisting upon impossible perfection, but 
by the more practical plan of accepting imperfections as inevitable 
and devising means to make them harmless. Thus Emanueli 
covers a multitude of sins by using a thin oil that maintains perfect 
impregnation, and both Bennett and Hochstadter effect the same 
result by putting the insulation under pressure. It seems to me that 
the authors of this paper are like people who insist on geometrically 
plane roads for safe and comfortable motoring, while others, like 
myself, prefer to have good tires, knowning that occasional road 
bumps are inevitable. 

Referring to the curves of tape tension, the authors assume that 
uniformly high tension is the desideratum. It is not clear why they 
should hold this view as no evidence is given to support it. 

I have seen cables with the most visibly nonuniform tape tension, 
that were perfectly satisfactory, and uniformly tight cables that 
failed. The tension of tapes is not a matter that can be considered 
by itself; the best tensions are tied up with manufacturing equip- 
ment and procedures, bending tests, oil viscosity, and operating 
temperatures. 

We shall be better equipped to study this subject with the new 
tools the authors have given us, but it will take time to reach sound 
conclusions with them. 

If the wafer method is to prove of great value, it will have to be 
greatly simplified, preferably along lines of inspection by reflected, 
rather than transmitted light, so as to eliminate the time and effort 
expended on making thin cuts. 

The authors’ study of tape staggering, is very much along the lines 
of a study I made in February 1930. Quoting from the unpublished 
report of that work: 

“Twelve cases have been considered with staggerings in stages of 1/32 inch from 
cable A with tapes staggered the maximum amount to cable K, with tapes 


staggered the minimum amount... . It will be noted that they differ in two 
respects: 


1. The recurrence of superimposed channels. 


2. The length of the leakage path from conductor to sheath assuming the 
channels ionized. 


“The recurrence of superimposed channels weakens the cable to radial stresses 
and a short leakage path weakens it to tangential stresses. Thus there are 
two potential paths of failure in parallel and on voltage-time test, the cable 
will fail along the weaker one.”’ 


A summary of the study of these cables follows: 

The radial dielectric path is about 50 times as strong as the 
tangential path. Hence to compare these cables, we divide the 
length of the tangential path by 50 and compare it with the paper 


Table | 
(1) (2) (3) (4) (5) (6) (7) 
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* This includes channels with edges aligned, as well as those squarely super- 
imposed. 


** Paper thickness neglected. 
t Tape is assumed 22/32 inch wide, with 1/32 inch gap, so that maximum possible 
10 X 100 


23 
rounded to the nearest integer. 


overlay is 1/3: inch or = 431/2 per cent. The per cent overlays are 
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Figure 1 


thickness of the radial path, as in columns 7 and 5 of the accom- 
panying table I. 

If we plot the lesser of these thicknesses (from columns 5 or 7) 
against overlay (column 3), we obtain the curve shown in figure 1 of 
this discussion from which it will be noted that there are substan- 


tially equal peaks at 26 per cent and 39 per cent overlay. The 26 


per cent peak, however, gives better results due to the better bending 
characteristics of the cable. 

Attempts were made to check curve A by voltage-time tests on 
specially made cable samples and while cables coming under the 
classifications of A, H, J, J, and K were definitely poor and cables 
G to B, definitely good, it was not possible to correlate the latter with 
the curve in figure 1, although the general trend was toward a maxi- 
mum dielectric strength at Eand F, rather than at B. 


H. B. Dwight (Massachusetts Institute of Technology, Cambridge): 
May I ask if the mechanical tests described, particularly the test by 
making thin wafers showing the cross section, have been applied to 
large generator coils, and has information of interest been obtained? 


R. J. Wiseman (The Okonite-Callender Cable Company, Inc., 
Passaic, N. J.): This paper again reports to us the valuable re- 
search work being carried out by the Detroit Edison Company in 
their desire to bring to our attention, tools or test methods which 
may be of help in our desire to improve the quality of our cables. 
However, in reporting the results of these test methods and the 
conclusions to be drawn from them, one must go slowly and cau- 
tiously because it is necessary to consider all the whys or wherefores 
that certain things are done, which ordinarily may be considered as a 
defect or shortcoming. For example: let us take the penetrometer 
and torsion tests which are supposed to indicate the degree of hardness 
tightness, or firmness of the insulation and the opinion is expressed 
that we should get a straight line plot of depth of penetration (figure 
7) across the insulation. I am not so sure that we should get the 
same value for across the insulation. Perhaps a decreasing value 
as we go from the conductor outward or even an increasing value is 
better. We know in the taping operation that we have to adjust our 
tensions to prevent pinching or wrinkling of the inner tapes. Do 
we want a tightly wrapped cable which means a low value for pene- 
tration? If we do, we will get very little oil between the layers of the 
paper and this is as essential to us as oil in the paper itself is necessary 
if we hope to get good electrical characteristics. If too tightly 
wrapped we will not get good oil movement radially. If the paper is to 
loosely wrapped we will get drainage and voids. Therefore, we look 
for that wrapping which will give a well and uniformly saturated 
cable possessing low original ionization and high dielectric strength. 

The development of the cable wafer is going to be very helpful to 
the cable manufacturer, as it gives him another tool for checking the 
mechanical setup of the cable. Here also, we must be careful about 
interpreting results. It does not necessarily follow that ‘‘comet’s 
tails” unless distinctly more pronounced on one side than the other 
are due to the twisting of the conductor. There really is a comet’s 


tail on both sides in the filler space. It can be due to the shape 
of the insulated conductor. A round conductor would show a longer 
comet's tail than a sector-shaped conductor. Also, it can be due to 
the use of too much filler material in order to get compactness and 
some of the filler will ride over the back of the conductor. If there 
is filler material between the conductors it is also due to too much 
filler and being forced into the space between the conductors. 
This is not serious as the filler is under high compression caused by 
the cabling operation. 

Sometimes I wonder if we want the mechanical perfection that we 
hear about. We start with a good mechanical make-up in the 
factory and then as the authors say, we reel and unreel it, draw it 
into a duct, shape the ends around the manhole for splicing and 
finally it goes through the expansion and contraction due to loading. 
We upset the position of the papers and the oil moves but not 
entirely reversibly as in the case of oil-filled cables. If the tapes are 
wrapped tightly, we have a small amount of oil between layers. 
If too loose, we get drainage and poor electrical characteristics. 
If longitudinal movement of the cable is retarded, we get a forced 
radial expansion of the insulated conductors which will injure the 
insulation. A great deal is dependent on how a cable is handled and 
installed; in other words, the utility also has a responsibility where 
the cable leaves the factory in a good mechanical condition. 

The oval type of cable overcomes some of the operating effects, but 
not installation. With this shape of conductor we get the paper 
along the minor axis stretching the necessary amount to take up the 
expansion of the oil and on cooling, forces the oil back again, thereby 
maintaining uniform saturation all the time. We also are able to 
hold down the internal pressure which develops during heating as 
well as prevent the cable from going to a high vacuum on cooling. 

I am not able to go along with the idea that pretwisting of the 
conductors will eliminate the cabling problem. Figure 5, which is 
taken as an example of uniform insulation, does not have pre- 
twisted conductors. We have made cables both ways and find it is 
not necessary to pretwist. 

In taping, we not only look for the longest leakage path from conduc- 
tor to sheath, but also the most effective use of layers of paper free 
of gaps. According to the table on page 151, one gets the impression 
that a 50-50 overlay is best. It is the worst, because we have only 
half the number of layers of paper effective due to the gaps lining 
up across the insulation. A 35-65 overlay is, on the average, about 
the best. 

Let us not get the impression from the pictures shown in the paper 
that the cable manufacturers are sadly deficient in their ability to 
put out a quality product. If we did, the utilities would not be able 
to carry the loads at the voltages they do today and instead of the 
inherent failures of cables due to insulation being about ten per cent 
of the total failures, they might easily be over 50 per cent. Weare 
constantly striving for both mechanical and electrical perfection, but 
there is an economic limit we can go to in view of the type of cable 
and howitis used. The chances ofa large reduction in wall thickness 
are not promising in the near future. 


Herman Halperin (Commonwealth Edison Company, Chicago, IIl.): 
I ended my study of this interesting paper with mixed feelings and, 
as aresult, my position is somewhat between that of the authors and 
that of some of the discussers. As usual and as indicated in the 
paper, we have co-operated and we have for several months been 
carrying on investigations as the result of the information first 
brought to our attention last spring by Mr. Wyatt. 

The new tools developed by the authors are being used by many 
manufacturers and some utilities and should be of material assistance 
in improving the quality of paper-insulated cables. It remains to 
be seen, however, whether the use of such tools will eventually make 
feasible the radical reductions in the thicknesses of insulation of solid- 
type cables as prophesied by the authors. I will have to admit 
that as far as belted-type three-conductor 13-kv cable and single- 
conductor 69-kv solid-type cable are concerned, I do not see how 
improvements in the mechanical uniformity of the insulation will 
alone result in reductions in insulation thickness such as 30 or 40 per 
cent as implied by the authors. 
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Even though the failures due to insulation in cables made in the 
past 10 or 12 years are small in proportion to the total failures in 
underground systems, I do not agree with the implication of the 
remarks of one of the other discussers that there is practically 
nothing much more to be done as far as the insulation is concerned. 
There is still present the economic pressure to reduce costs, and one 
of the important ways of accomplishing this is to reduce the insula- 
tion thickness with safety. 

As to the statement in the third paragraph of the introduction 
that one finds little or no information in the literature concerning 
compactness and uniformity of layer structure of insulation, I 
should like to point out that there was a tremendous amount of 
correspondence and oral discussion in the industry on the mechanical 
properties of insulation some 12 or 15 years ago. Asa result, the 
American manufacturers practically eliminated the severe wrinkles 
of the insulation of multiple-conductor cables with sector-shaped 
conductors and the improper registrations of several tapes one on 
top of another. From time to time they have made further improve- 
ments in mechanical uniformity and I know of two important 
changes started in 1936. In addition, there are still arguments as to 
just how the tension and compactness of insulation should be, These 
tools of the authors should help settle these arguments. 

There seems to be an idea in the paper that the effectiveness of 
insulation is reduced in exact proportion to the number of gaps that 
are in a straight line between any two electrodes. This implica- 
tion is unwarranted. 

As a general proposition, improvements in mechanical uniformity 
should apparently be of most benefit for three-conductor solid-type 
shielded cable with sector-shaped conductors and rated at 25 or 
35 kv, the benefits decreasing down to the least possible benefit with 
oil-filled single-conductor cable. 


C. L. Dawes (Harvard University, Cambridge, Mass.): The au- 
thors describe a process in which the paper tapes and the fillers of im- 
pregnated-paper cables become solidly embedded in their natural 
positions in transparent glass-like styrene. Thin cross sections or 
wafers permit a visual study of the mechanical structure of the cable, 
showing clearly any wrinkles, voids, butt spaces and the like which 
may be present. This process which involves in a high degree both 
chemical and physical technique gives engineers another method by 
which to eliminate the factors which are responsible for the all too 
frequent cable failures. The authors should be complimented on 
their important contribution to the art. 

From many observations of cables subject to service conditions 
and accelerated life tests, J am in agreement with the authors’ 
conclusion that the presence of voids, whether due to loose wrapping 
of the tapes or to butt spaces, does reduce materially the dielectric 
strength of the cable. With the expansion of the cable such as is 
caused by load cycles, the compound will tend first to vacate the voids 
because of the lack of capillary action existing in them. A very small 
amount of incipient ionization immediately produces mechanical im- 
pact which further drives the compounds from the voids, thus accentu- 
ating their effect. Not only is the potential drop across the voids 
reduced as stated by the authors, but also longitudinal stresses along 
the tapes in the neighborhood of the butts are developed. This is 
due to the fact that the voltage across a butt space is lower than that 
across the adjacent tapes, causing a voltage difference along the surface 
of the tapes, and possibly producing longitudinal creepage currents 
resulting in tacking and coring. (See C. L. Dawes and P. H. Hum- 
phries, ‘Ionization Studies in Paper-Insulated Cables, III,’’ AIEE 
TRANSACTIONS, 1930, page 766.) This effect would be accentuated 
where two or more butt spaces are practically superposed, such as is 
shown in several instances in figure 14. As the authors state, when 
better precision in applying the tapes is attained, reductions in the 
thickness of insulation become possible without diminution in dielec- 
tric strength. 

Investigation has shown that in many cases the thickness of the 
voids must be extremely small, for the voltage gradients at which 
ionization begins may be four or five times the ordinary critical 
gradient for air at atmospheric pressure. As early as 1919 Clark 
and Shanklin conducted a comprehensive investigation of this phe- 
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nomenon in cables (AIEE TRANSACTIONS, 1919, page 489),and Dubsky 
studied the matter for insulations in general (AIEE TRANSACTIONS, 
1919, page 537). My own investigations of a number of cables also ~ 
show such high gradients with correspondingly very thin voids. These 
cables were never longer than 15 feet, inclusive of guards, so that 
the internal pressure could not have been far from atmospheric. 

We also found that when impregnating compound was present in 
the voids, the gradient for initial ionization was practically double 
that with air alone (see Report of the Committee on Electrical Insu- 
lation, National Research Council, 1935, page 26). This increase in 
dielectric strength is apparently due to the presence of the vapors 
from the compound. There are little data on the dielectric strength — 
of vapors under the conditions existing within impregnated-paper 
cable insulation. However, in J. J. Thomson’s ‘‘Conduction of 
Electricity Through Gases,’’ volume II, third edition, page 510, a 
table taken from the data of Bouty shows the dielectric strength of 
certain organic vapors. The data were obtained at pressures of 
from 0.0055 to 2 centimeters of mercury, which pressures are much 
lower than those ordinarily existing within cable insulation. The 
table does, however, show that the dielectric strength of such vapors 
is much greater than that of air alone, which confirms our experi- 
ments. 

In the accompanying table II are a few typical data obtained 
with actual cables, some of which were new and others which had 
been in actual service. The estimated thicknesses of the voids were 
based on the available data for air, since no data for vapor-filled 
voids, particularly petroleum, of these small thicknesses and also at 
atmospheric pressure are available. It is very probable that many 
of the voids are thicker than estimated due to the presence of the 
vapors. 


W. F. Davidson (Consolidated Edison Company of New York, Ine., 
Brooklyn, N. Y.): It was my good fortune to have followed, from 
their inception, the studies reported in this paper and I like to think 
that some of my words of encouragement were a factor in bringing 
them to a successful conclusion. Lack of factual information is a 
complete barrier to full engineering development. In the field of 
cables we have been seriously handicapped by not having exact 
knowledge of the inner mechanical structure of cables. Now at 
last it is possible for the cable designer to study the effects of various 
details of the manufacturing process and the user can determine the 
effects of installation and operating conditions; it is no longer neces- 
sary to guess as to the effects of many of these factors. 

When we turn to the authors’ interpretation of some of their ob- 
servations, I am not able to agree with all that they have said. For 
cables of the 24-kv class, which form the basis for many of the com- 
ments, it seems to me that the ill effects of ionization and leakage 
path have been somewhat overemphasized, Care must be taken lest 
we allow ourselves to pay too much attention to correcting these 
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g lefects at the expense of other equally important details, Much 
progress has been made in improving the quality of insulation but the 
results, as measured by cable investment, are none too encouraging. 
One of the most important problems facing the cable engineer during 
the next few years is reducing costs. To me the only hope of ac- 
complishing this lies in finding ways and means for operating cables 
at higher temperatures and with a greater range of temperatures, 
The designer must not be unduly handicapped in his efforts to 
accomplish this end. 


C. J. Beaver (nonmember; W. T. Glover and Company, Ltd., Man- 
chester, England): It is agreed by the authors, and may therefore 
be postulated for the purpose of the following notes that 


(a) Ionization is practically the only inherent cause of failure in a reasonably 
well made dielectric. 


(0) 1 Ionization conditions are developed in cable dielectrics by physical processes 
incident to the use or working of the cable. 


(c) The physical properties of the (solid type) dielectric are deficient for the 
purpose of preventing such development. 


It follows that under reasonable working conditions the electrical 
i life of the dielectric is dependent on its physical properties, and con- 

sequently the main question arising from the paper is as to the rela- 
: tive contribution of some lack of mechanical uniformity to the sum 
total of deficiency in physical properties. 
b| In a solid-type lead-sheathed dielectric subjected to cyclical 
: temperature changes, it is evident that at any temperature below 
_ the maximum, gaseous spaces (voids) must exist in the dielectric. 
_ The electrical stressing at which ionization will commence in these 
spaces will vary roughly inversely as the space dimension in the di- 
rection of the electric field, for a given set of conditions such as gase- 
ous pressure, type of gas, and so forth. 

Thus it is obvious that in a radially stressed solid-type dielectric, 
the most vulnerable gaseous spaces (voids) will occur in the butt 
spaces between the edges of adjacent laps of paper, where the radial 
dimension of the space will be equal to that of the paper thickness. 

It is difficult to conceive a dielectric so poor in a mechanical sense 
that larger radial dimensioned spaces can exist between radially 
adjacent papers. 

Hence it is clear that the stress at which ionization initiates de- 
pends on the butt space conditions, and it is this stress which con- 
trols the asymptotic or long-life voltage value of the dielectric. 

The importance of the length and condition of the leakage paths 
(zigzag and step) appears to have been highly overemphasized in the 
paper. 

The lengths of these paths and also the physical conditions exist- 
ing between radially adjacent paper surfaces, do not affect the asymp- 
totic or long-life voltage value of the dielectric, but merely influence 
the shape of the time-voltage curve above the asymptotic voltage 
value. 

The Robinson theory confirms this as quoted by the authors on 
page 13: ‘‘Tracking along paper surfaces, which is now coming to 
be accepted as the mechanism of ionization failure, after a core has 


” 


formed... . 
After load cycle testing there will be a general slackness or lack of 


mechanical pressure between papers in a radial direction, owing to 
the action of the radial flow of impregnating oil in a zigzag manner 
between the paper surfaces during the temperature changes. 

Although a wafer of such a cable before and after the load cycles 
shows this difference, the increase in ionization in the latter sample 
will occur chiefly in the voids in the butt spaces caused by the process 
of oil expansion and lead sheath distension in an initially well- 
impregnated dielectric. 

It has been proved by the writer in a very comprehensive series of 
experiments during the development of the gas filled cable (Paper 
No. 204, ‘“The Gas Filled Cable,’”’ C.I.G.R.E. Session 1937, Paris) 
that electric failure of a cable dielectric invariably occurs through, 
and initiates in a butt space, and is also dependent on the butt-space 
thickness. 

Under these conditions the most important dielectric feature 
which should be taken care of in the manufacturing processes is the 
avoidance of registrations between radially adjacent butt spaces, so 
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that the space dimensions never exceed a single paper thickness. 

In this connection special lapping machines (British Patent No. 
182,510) are: used by a British firm in which the cable is revolved, 
while the papering heads carrying the paper strip spools are station- 
ary. The paper strips pass through slots in a sheet metal framework 
fixed to the machine, thus ensuring at all times that each paper strip 
is applied to the cable at a definite longitudinal position with respect 
to the adjacent papers. These arrangements also provide easy 
means of ensuring uniform tension of application of the paper strips. 

It may be mentioned that the strips are preimpregnated, so that 
no question arises as to “conditioning” of the paper, nor of shrinkage 
wrinkling or other deficiencies arising in the manner referred to in the 
paper. 

There is one other important point which should be watched in the 
manufacturing process and that is, that the mechanical structure of 
the cable dielectric should be such that the paper strips are not torn 
or cracked through during bending of the cable, so that large-radial- 
dimensioned gaseous spaces are avoided. 

In this connection it is very desirable to avoid a 50 per cent overlap 
owing to the tendency of the paper between two alternate butt spaces 
to be cracked, and to become torn in consequence. 

The authors do not appear to have considered this aspect, which 
in actual practice—from the installation point of view—is very im- 
portant. 

The authors’ extreme optimism for future improvements and cost 
reduction in solid-type high-voltage cable is in direct conflict with 
present-day knowledge of the limitations of such dielectrics. 

No amount of control of mechanical uniformity of cable manufac- 
ture can alter the stark physical facts that in a lead-sheathed cable 
subjected to temperature cycles, voids or gaseous spaces equal in 
volume to the oil expansion must exist at the low temperatures, and 
that the most vulnerable spaces will form in the butt spaces where 
the radial thickness of void is at a maximum. 

The stress rating limitation of the modern solid-type cable di- 
electric depends upon the following factors: 

1. The radial thickness of the butt spaces in turn dependent upon the mini- 
mum thickness of paper which it is feasible to use. 


2. The maximum temperature to which the cable may be heated. 


The above two factors affect directly the intensity of ionization in 
the butt spaces and set the limit to the permissible stressing, and 
conversely the loading. 

A comparatively slight improvement in the homogeneity or uni- 
formity of a dielectric cannot cancel out the whole physical problem 
entailed by the lack of reversibility of expansion and contraction ef- 
fects, leading to ionization; and in face of the well-known necessity 
of restricting the temperature factor at even 60 kv it would appear 
quixotic to pursue working voltages up to 100 kv (as mentioned by 
the authors) with solid-type cable. 

The scientific (and commercial) solution of the problem lies in the 
direction of the abolition of ionization in the dielectric, for example, 
on the lines of the “gas filled” cable (referred to hereinbefore), in 
which, without external compensating devices, and without restric- 
tion of loading temperature, ionization is completely suppressed to 
any designed extent, for instance, up to twice working voltage. 

The authors’ desiderata regarding reduction of insulation thickness 
and increased duct loading should be much more easily attainable 
along this line of development in which all constructional factors are 
capable of being definitely designed, and behavior in use is auto- 
matically controlled by reason of the reversible physical properties 
of the dielectric, preventing any permanent change (leading to 
ionization) under any working condition of the cable. 


C. H. Jolin (nonmember; Merz and McLellan, Newcastle-on-Tyne, 
England): The description of methods used to investigate the 
mechanical construction of paper-insulated cables are very interest- 
ing. The three mechanical methods, “penetrometer,” “‘push-out,”’ 
and “torsion” are somewhat crude, in particular, the push-out 
method where the force required, besides varying with the tightness 
of the paper, will also depend on the roughness of the paper surface 
and the consistency of the impregnating compound. The torsion 
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method seems to be useful but it would be an advantage if an illus- 
tration could be given of the instrument used. 

The wafer method is, I think, the best but it would appear neces- 
sary for this test to be carried out by skilled operators in a laboratory 
and under these conditions it should prove one of the most useful 
tests devised up to the present time. I think that the test will 
prove of most value to manufacturers as they will have the necessary 
facilities for making the tests, from the results of which they will be 
able to determine the effects of different methods of manufacture. 

I gather from the paper that the author is in favor of the insulating 
space of the cable containing as large a proportion of paper to oil as is 
possible consistent with the cable being able to pass a reasonable 
bending test. I am in agreement with this for normal type of cable 
as it must assist in avoiding trouble due to compound expansion. 

This requirement is not so important in other types of cable, for 
instance oil-filled cable is so designed that any gaps between papers 
will always be filled with oil and will, therefore, be harmless but 
even with this type of cable the smaller the amount of oil in the in- 
sulation, the smaller the oil reservoir capacity required to allow for 
oil expansion. 

The gas pressure cable is in a different category as in some designs 
definite gaps are left between papers to allow free access of the gas 
under pressure to all parts of the insulation. 

The author states that it should be possible to so improve the di- 
electric of the solid cable that it would be suitable for use at 100 kv or 
over. 

I should like to know whether the author would recommend using 
solid cable at the same maximum dielectric stresses and temperature 
as is now used for oil-filled and gas pressure cable. 

It appears to me that however well the cable is manufactured, 
some disturbance of the insulation will take place due to reeling 
and unreeling the cable on drums and handling the cable during 
installation. The spaces caused by these disturbances will remain in 
the solid-type cable whereas such spaces in the oil-filled cable and the 
gas pressure cable would be filled with oil or gas under pressure re- 
spectively and would thus be harmless. It would therefore appear 
that theoretically the oil-filled and gas pressure cables will be better 
than the solid type. 

The illustrations accompanying the paper are interesting and 
show that delta-shaped-conductor three-core cable cannot be so 
satisfactorily insulated as a cable with circular conductors. The 
cable illustrated in figure 6 is so bad that it is hard to believe that 
any reputable cable manufacturer would turn out such a cable. 

There is a point of minor interest I should like to raise with regard 
to figure 12. The conductor of this cable consists of part normal- 
size wires, together with a number of smaller sized wires in groups of 
three. Was there any particular reason for this method of construc- 
tion? 


Martin Hochstadter (Brussels, Belgium): My interest in the de- 
velopment published in this paper has been great for two reasons: 

Firstly, because this is real pioneer work opening a new field of 
insight into questions of outstanding practical importance in elec- 
trical cable engineering, a field which curiously enough, has been 
more or less entirely neglected hitherto. Not only do I see great 
merit in the very discovery of such a new field and its courageous and 
successful attack, but also do I believe this to be of a refreshing effect 
on the minds of our younger generation of cable engineers. Seeing 
every day nothing but work on details of problems which have al- 
ready been principally dealt with by others, they might be led to the 
conclusion that no exploration field was left to them. This paper 
gives evidence of white patches on the map of our technical knowl- 
edge. 

Secondly, the author’s problem has been occupying me during the 
greater part of the last ten years. Research on pressure cable was 
carried out at first with internal pressure, namely, with cables of 
such construction that the pressure medium was acting in or near the 
conductor. However, the pressure effect on the dielectric was found 
to be of rather an imperfect and unreliable nature in all such cases. 
After much research and speculation into the causes of such unex- 
pected behavior it was recognized that the propagation of the pres- 
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sure through the dielectric, while being rather complete and instan- 
taneous when external pressure compresses the dielectric, is poor and 
uncertain when the dielectric expands under the influence of internal 
pressure. 

Pressure in such a semisolid body is propagated from layer to layer. 
In the case of internal pressure this propagation consists in the elastic 
stretching of each individual layer. Therefore, it can only take place 
there where layers touch each other and are under about the same 
mechanical stress neutrally, that is, before the application of pres- 
sure. It is, therefore, evident that a uniform propagation of internal 
pressure is contingent upon uniformity of the mechanical structure of 
the dielectric and that the internal pressure may be stopped totally 
or partly at any point in the dielectric where tightly wound papers 
are followed by loose ones. 

While at the time of which I speak the relation between propaga- 
tion of internal pressure and mechanical uniformity of the dielectric 
was made evident, no exact measurements of the latter could be 
taken and it was not possible to overcome the difficulties for using 
internal pressure. Therefore, external pressure has been used hith- 
erto for the pressure cable. However, the author’s methods for the 
demonstration and exact measuring of the mechanical uniformity of 
the dielectric may well lead to such an improvement of the manu- 
facturing methods that a sufficient and controllable mechanical uni- 
formity of the dielectric be obtained for the use of internal pressure 
in pressure cables. 

This is one of the practical possibilities which the author’s methods 
may open in a particular field of cable making besides others for the 
improvement of electric cables in general. 


Hugo Sonnenfeld (nonmember; Bratislava, Czechoslovakia): 
The present paper completes the impression experts have obtained 
by its predecessors. The wafer method is certainly contributing to 
the possibility to have a reliable look into the working of the cable, 
especially the insulation and the lead sheath. 

Even though there are only a few pictures published in the present 
paper they are sufficient for showing the way to improve cable de- 
sign. Compound migration being, as is well known, a very impor- 
tant factor, it is evident that the first step for making cable service 
more reliable than it is now, consists in reducing filler space as far as 
possible. The general practice to use sector-shaped conductors can- 
not be considered as the best way. This appears to be quite clear 
if thorough consideration is given to the wafers shown in the present 
paper. Filler spaces are at the minimum in the case only that the 
theoretically exact sector shape is used, such as illustrated in figure 4 of 
the present paper. The photograph of this wafer, however, makes it 
evident that the insulation is rather a nonuniform one, and this par- 
ticularly due to the shape of the conductor. Not only is the conduc- 
tor, on two sides, flat so that its surface does not follow the natural 
bulge of the paper but the unequal electrical stress on the shoulders 
on one side and on the sector back on the other as well as on the flat 
parts on third side, is in no case able to fulfill requirements of high- 
voltage cables. For these various reasons the theoretical exact sec- 
tor shape (see figure 4) is not advisable for high-voltage purposes. 
In the paper the expression “extreme sector”’ is used for such a shape 
of conductor, see page 148. We should not forget that this shape of 
sector is the only one which brings the filler spaces to their minimum. 

If, however, the sector shape deviates from the theoretical exact 
“extreme sector’ form, we come to designs such as is illustrated in 
figure 5. Here the gross irregularities, discovered in figure 4, are 
absent, the shoulders of the conductor being less sharp and the con- 
ductor more able to conform to the natural bulge in the paper. But 
all this is accompanied by the serious disadvantage of filler spaces 
evidently becoming larger. For this latter reason such cable does not 
represent the best possible design. 

A round conductor offers little difficulty. It is to be expected that 
all disadvantages illustrated by figure 4 will not be present if the 
same machines and the same manufacturing method are applied 
but with a round or oval-shaped conductor. No doubt, the circular 
or oval shape is in any respect the best form of the conductor. If 
small fillers are used, resulting in a triangular shape of the lead 
sheath (so-called S.O. type cable) the reduction of the possibility 
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of compound migration improves the properties of the cable and the 
cost of the cable containing circular (or oval) conductors is brought 
down to the cost of the cable containing sector-shaped conductors. 

Thus the application of round (or oval) conductors together with 
the application of the triangular shape of the lead sheath makes 
available the following advantages of the cable: 


The volume of oil compound causing expansion is reduced. 
The radial resistance to oil flow is brought down to a minimum, 
The thermal resistance is equally brought down to a minimum. 


The facility to wrap paper with exact regularity upon the conductor is in- 
creased. 


No pretwisting is necessary. 


K. S. Wyatt, D. L. Smart, and J. M. Reynar: The authors are 
grateful for the favorable reception accorded the methods proposed 
for studying the mechanical uniformity of paper-insulated cable. 
It appears, however, that although the tools themselves have been 
accepted almost without qualification, the interpretations which were 
made in terms of design, manufacture, and service life have furnished 
many points of controversy. The primary purpose of the paper was 
to offer new test methods for obtaining data which might be of as- 
sistance in studying the relative merits of different types of construc- 
tion and in determining the causes of insulation failure. Since the 
value of the wafer method depends, as in the case of X-ray photog- 
raphy, on correct interpretation, it appeared advisable to present 
tentative interpretations of cable wafers as samples of what to look 
for in the wafers and of how irregularities might be traced to original 
sources. A certain amount of theory was necessarily involved in 
these interpretations. Space limitations necessitated a rather cursory 
treatment of this phase of the paper with the result that many un- 
intended inferences were drawn by readers. In addition, it was only 
to be expected that, in view of the relative newness and limited use 
of the method, the interpretations would be questioned as were 
those of X-ray photographs in the early days of their use. Further- 
more, the necessary omission of a large number of illustrations repre- 
senting reasonably good cable wafers undoubtedly caused an er- 
roneous impression in some minds regarding our estimate of the 
quality of the average modern cable. 

Several discussers point to the apparent futility of producing 
mechanically perfect insulation in view of the amount of relatively 
rough handling the cable undergoes during installation. The authors 
direct attention to the fact that the wafer method now enables us 
to evaluate the effects of such treatment. Time has permitted only 
meager investigation of this phase of the problem but, for what they 
may be worth, the results obtained do not indicate any serious 
damage to be sustained by a mechanically well-built cable when in- 
stalled by modern methods. 

If it appears, as stated by several discussers, that the paper over- 
emphasized the effects of ionization and attached too much impor- 
tance to the length and condition of the leakage paths, it is be- 
cause the facts revealed by a careful study of scores of cable 
wafers lead, first, to a critical inspection of previously held theories 
of the mechanism of cable failure and, finally, to a tentative revision 
of these theories to better fit the observed conditions. Among 
these conditions were three which were frequently observed and 
which experimental evidence and theoretical considerations indi- 
cate have an important bearing on insulation breakdown. Two of 
these conditions involve butt-space distribution as it affects ef- 
fective solid insulation thickness and minimum leakage path, and 
the third involves thick interlayer spaces caused by loosely wound 
insulation. An explanation of the part played by these factors in 
insulation failures would entail much theoretical discussion and would 
perhaps, be out of place here. The discussion by Professor Dawes, 
however, may serve to partially explain the phenomena responsible. 
The following briefly summarizes the conclusions of the authors as 
a result of their initial investigations: 


(a) Ionization is held to be the chief cause of inherent insulation failure. 


(b) The theory of D. M. Robinson that breakdown starts at the conductor 
and proceeds slowly through the insulation by a coring and tracking mechanism 
is accepted with reservations as to the importance of voids in the middle of the 


insulation wall. 
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(c) Conditions conducive to ionization are present in much cable as manu- 
factured and may be aggravated due to service or to improper handling during 
installation. (Initial voids, even though they be filled with oil and thus do not 
cause high initial ionization, are considered to be conducive to ionization.) 


(d) The development, during service, of conditions conducive to ionization 
may be minimized by proper design and manufacture. 


(e) The inevitable presence of butt spaces at the conductor and other inherent 
weaknesses in the insulation of solid-type cable are not arguments against the 
elimination of other defects since many of the latter add to the basic inherent 
weaknesses to further decrease the over-all insulation efficiency. 


(f) As the quality of the cable insulation is made more uniform due to pre- 
cision methods of manufacture, the thickness of the insulation may be reduced 
because it is no longer necessary to provide a factor of safety to take care of 
avoidable but uncontrolled weaknesses. 


It is seen that we do not agree in toto with Mr. Beaver’s postu- 
lates (6) and (c). 

The elimination of registrations and also of interlayer gaps is 
bound up with the taping machinery. We are in agreement with 
Mr. Beaver as to the advantages of certain types of “lapping ma- 
chinery,’’ but we must point out that they possess several apparently 
inherent disadvantages, among which is slowness of taping. If 
the paper is impregnated prior to taping, the trapping of gas be- 
tween adjacent layers of insulation is an additional disadvantage. 
The design of taping machinery plays a most important part in the 
quality of cable insulation and the wafer method permits a visual 
study of the effects of the various design factors. For best results 
it is the belief of the authors that taping machines should have the 
following characteristics: 


1. Direct drive throughout with as few gears as possible, since these introduce 
backlash. 


2. Slow, smooth, but positive starting, without slippage, and brakes which 
stop the machine smoothly but reasonably quickly. 


3. Direct synchronization between capstan and taping heads to eliminate the 
possibility of backlash or slippage. 


4. A tape tension control in which centrifugal effects are absent and in which 
the tension of the tapes is independent of the amount of tape on the pad. 


This is a subject deserving of much space. Suffice it to say here 
that hydraulic drive and synchronization appear to the authors to 
offer the best solution of the problem of precision taping at reason- 
able cost. 

Mr. Del Mar and Doctor Wiseman infer that a uniform tape ten- 
sion from conductor to sheath was recommended. Such an infer- 
ence was not intended and may have been due to the fact that the 
torsion curve shown for uniform insulation was fairly level from con- 
ductor to sheath. The only relatively uniform cable which we had 
examined by means of the torsion test at the time the paper was 
written did not have the drooping characteristic from conductor to 
sheath which we believe to be desirable from the standpoint of 
ability to withstand bending without distortion. The same discus- 
sers also question the desirability of a high tape tension with a 
corresponding thin oil film between tapes. We believe, and support 
is given to this viewpoint by the discussions of Mr. Hochstadter and 
Mr. Jolin, that this film should be as thin as is consistent with good 
bending characteristics for a number of reasons. First, less oil is 
present and void formation is less likely to occur as a result of dif- 
ferential thermal expansion. Obviously tracking in service would 
be expected to be retarded or possibly eliminated. Second, the 
thinner the oil film, with other things equal, the less the comet’s 
tail effect produced during cabling. Third, a very thin oil film which 
will permit successive paper layers to come into practically direct 
contact permits capillary effects to work to greatest advantage to 
distribute oil during impregnation, to prevent imigration and drain- 
age during operation, and to return oil to the interior of the struc- 
ture as the cable cools. 

Several discussers have wrongly inferred that the study of cable 
wafers has led us to recommend a 50-50 overlay. The fact that 
with such an overlay the effective solid insulation thickness is only 
50 per cent, coupled with the observation that due to the superposi- 
tion of alternate butt-spaces the paper between has a tendency to 
tear when the cable is bent, would not permit such a recommenda- 
tion. No attempt has been made by the authors to evaluate the 
relative importance of effective solid insulation thickness and 
minimum leakage path as factors in insulation failure for the purpose 
of selecting the best overlay. For this reason the report of the study 
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of tape staggering made by Mr. Del Mar is particularly interesting. 
Accepting, for the sake of this discussion, his figure of 50 for the 
relative strengths of the radial and tangential dielectric paths, we 
do not believe that figure 1 of the discussion is a correct picture of 
the variation in effective insulation thickness with overlay. In the 
first place, it seems apparent that the values given in column 6 of 
table I should read as follows: 430, 387, 344, 301, 258, 215, 129, 86, 
43, and 0. The figures in column 7 should be changed to cor- 
respond. Furthermore, if it be assumed, as seems reasonable, that 
failure may proceed, not only along either the radial path or the 
tangential path, but along a combination of both types of path, 
neither column 5 nor column 7 represents the shortest equivalent 
leakage path for many overlays. For example, with an overlay of 
9/32 inch or 39 per cent, the radial path through a tape to the butt 
space in the next layer would be less than !/oth the length of the 
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Figure 2. The effect of overlay on the effective insulation thickness 


tangential path to the same layer, and failure would occur by alter- 
nate ruptures of a tape and tracking to a point opposite the nearest 
butt space in the next layer. The effective insulation thickness 
would then consist of 110 mils of paper plus, 1,302 mils of leakage 
path which would total 136 mils equivalent insulation thickness. 
This is less than the figures in either column 5 or 7 for this overlay. 
Similar calculations for °/3-inch and °/3-inch overlays, when com- 
bined with the changes in column 7 mentioned previously, result in 
the modified curve shown in figure 2. This curve is markedly dif- 
ferent from that shown in Mr. Del Mar’s figure 1 and, incidentally, 
appears to fit the results of his voltage-time tests more closely, al- 
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though we cannot agree with Mr. Del Mar’s and Mr. Beaver’s use 
of the results of voltage-time tests as an indication of the behavior 
of cable in service. ; 

Mr. Jolin points out that difficulties are encountered in insulating 
sector-type cable and Mr. Sonnenfeld discusses the effect of the 
conductor shape on the ease with which a uniform insulation may 
be obtained, and on the filler-space volume. These are questions 
which the wafer method of examination should be of inestimable 
value in answering. 

We agree with the discussers that much can and should be done to 
simplify the making of wafers. In his oral discussion, Mr. Meyer- 
hoff described one method of simplifying the preparation of wafers 
from the styrenated cable sample. In this method, very thin wafers 
were cut with a band saw without finishing the faces on a lathe. 
The opacity of the sawn faces was eliminated by coating the wafer 
with a thin cable oil and mounting it between flat glass plates, care 
being taken not to wipe off all the surplus oil from the wafer. The 
development of a type of styrene or other material having a lower 
polymerization temperature and a shorter setting time would prove 
to be an important step. It is also suggested that the time of ex- 
traction might be shortened by permitting the styrene to trickle 
through the insulation continuously rather than to wash out the oil 
by the cyclic bath method described in the paper. 

The apparatus originally used for making the penetrometer and 
torsion tests was admittedly crude. Since the paper was presented, 
however, the instruments have been considerably refined and com- 
bined into a single instrument which will be marketed by a well- 
known scientific instrument manufacturer. An article on the use 
of the compactness tester is being prepared, and it is expected that 
it will be published shortly in the technical literature. 

In answer to Mr. Jolin, the authors are unable to give a reason 
for the design of the conductor shown in figure 12 of the paper. 
This cable was manufactured over eight years ago. It is believed 
that there was no intention of using the space between the strands 
as an oil duct and it is apparent that oil expansion would be more 
severe because of the large oil volume. 

Mr. Dwight’s question will have to be answered by others. So 
far as the authors know, such an application of the wafer method has 
not been made. The method has been used to advantage on trunk 
telephone cables in several countries. We believe it has a useful 
application in the study of many laminated dielectrics where uni- 
formity of structure is of importance. 

Our acknowledgment unintentionally omitted a word of appre- 
ciation for the support we received from engineers of other utilities. 
Possibly without this encouragement, this research could not have 
been carried to successful fruition. 
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System Planning and Operation for 
Voltage Control 


By T. J. BROSNAN 


MEMBER AIEE 


HE two criteria of the performance of 
any system for the delivery of electric 
energy are, first, its dependability as 
measured by continuity of service, and 
second, the quality of the service as 
measured primarily by the ability of the 
system to keep the deviations from nor- 
mal voltage within acceptable limits. 
The purpose of this paper is to consider 
the influence of the second of these two 
factors, namely voltage regulation, on 
the design and operation of the system. 
The permissible limits of voltage regu- 
lation vary for different types of load. 
It is generally regarded as good practice 
to keep the voltage at the service switches 
of residential and commercial customers 
in an urban area within three per cent 
above or below the normal level. For 
the same type of customers in rural areas, 
it is economically impractical to limit 
the deviations to less than five per cent 
above or below normal voltage. Indus- 
trial customers in general do not require 
such close regulation. 

The following sections of this paper 
will review the influence of these limita- 
tions on the design and operation of the 
various parts of the system. 


General System 


In a typical modern distribution sys- 
tem the same subtransmission circuits 
serve different types of substations as 
well as transformer vaults in the low- 
voltage network system.! Provision is 
made for control of the voltage at the bus 
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of the generating or terminal station but 
the difference in time characteristics of 
the various loads and the different elec- 
trical characteristics of the distribution 
systems make it essential to supplement 
this basic regulation with other methods 
of voltage control. 

The generating-station bus voltage is 
regulated to meet the requirements of 
the load supplied through the low-volt- 
age network system and provision is 
made for independent voltage control at 
the substations supplying residential, 
small commercial, and small industrial 
loads. Generally the large industrial 
loads do not require such close voltage 
regulation and it is unnecessary to add 
supplementary voltage control in the 
substations supplying such loads. 


Substations 


Automatic substation equipment has 
made it economically possible to use 
smaller substations which can be located 
relatively close together and near large 
concentrated loads.? The close spacing 
of substations results in short distribu- 
tion feeders which in turn permit auto- 
matic regulation of the substation bus 
voltage rather than independent regula- 
tion of the voltage of each feeder. 

In regulating the voltage of the sub- 
station bus, it is desirable to introduce a 
“rising characteristic’ with increasing 
load in order to offset the increasing volt- 
age drop in the distribution system be- 
yond the substation. The “line drop 
compensator” which has been used for 
years for this purpose with individual 
feeder regulators can still be used with 
the equipment for bus regulation. The 
setting of “line drop compensators” even 
for individual feeder regulation involves a 
compromise between the customers clos- 
est electrically to the substation and 
those farthest removed electrically. With 
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short feeders and bus regulation the 
problem is no more difficult. The “‘line 
drop compensators” are adjusted to give 
the best average regulation for all of the 
customers on one small substation in- 
stead of one long feeder. The one satis- 
factory method of keeping the “‘line drop 
compensators” properly adjusted in either 
case is by periodic checking of service 
voltages of customers close to and remote 
from the substation during the heavy 
load periods. 

The actual line-to-neutral voltages on 
the busses of the small automatic sub- 
stations in Buffalo range from 2,420 at 
periods of very light load to 2,500 at the 
time of heavy load. In terms of service 
voltage this is a range of 121 volts to 125 
volts. 


Distribution Feeders 


There may be a few feeders where the 
voltage along the entire length of the 
feeder cannot be kept within the desired 
limits by means of regulation of the sub- 
station bus voltage. For such cases 
there are several types of feeder-voltage 
regulating equipment available for pole- 
top mounting. These can be inserted 
in any part of the feeder where they will 
be of greatest value in supplementing bus 
regulation. 

It is evident from the foregoing that it 
is important to keep the voltage drop in 
all feeders supplied from one substation 
within a limited range. The total drop 
in voltage along a feeder is a function of 
its length, the magnitude and distribu- 
tion of its load, its voltage rating, and the 
size and spacing of the conductors making 
up the feeder. The proper balance of 
these factors varies for different load 
areas. The following combination has 
been found satisfactory for the urban 
Buffalo area. 


(a) All feeders are rated 4,100 volts, three 
phase, four wire. This system has the 
advantage of a voltage rating that is satis- 
factorily high for urban conditions and yet 
requires only 2,400-volt distribution trans- 
formers and incidental equipment. It has 
its main application in urban areas where 
all main portions of the feeders are three 
phase and all single-phase branches are 
short. 


(b) The main ‘‘trunk” portion of every 
feeder is made up of 4/0 conductors. This 
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uniformity in conductor size facilitates re- 
- arrangement of feeders and simplifies the 

transferring of load from one feeder to 

another under emergency conditions. 


(c) The load on each feeder is adjusted 
according to the length of the feeder so as 
to make the load multiplied by the distance 
to the load center as near a constant as 
possible for all the feeders out of one sub- 
station. Under the conditions prevailing 
in the Buffalo area, the maximum normal 
feeder loads vary from 800 kva to 1,200 kva. 


For suburban and rural areas the 
4,800-volt three-phase three-wire delta- 
connected feeders are more satisfactory 
than the 4,100-volt star-connected feeders 
because the single-phase branches form 
such a large part of rural feeders and it is 
very desirable to have the higher phase- 
to-phase voltage for these long branches. 

Load balance between phases is very 
important on all three-phase feeders but 
particularly on three-phase four-wire 
star-connected feeders. This load bal- 
ance should be maintained along the 
feeder as well as at the substations. The 
following system has been established 
for the control of this load balance in the 
Buffalo district. 

A single-line diagram for each feeder 
indicates the phase to which each dis- 
tribution transformer is connected and 
there is marked on this diagram the 
theoretical load balance at key points 
along the feeder. Whenever a new dis- 
tribution transformer is added, the feeder 
diagram is used to decide the phase to 
which the new transformer will be con- 
nected. In this way all routine work 
tends to improve feeder balance. The 
theoretical over-all load balance of a 
feeder as taken from the diagram is 
checked periodically by the readings of 
the maximum-demand meters on each 
phase of each feeder at the substation, 


Transformers, 
Secondaries, and Services 


Any condition in a primary feeder re- 
sulting in poor voltage is serious because 
of the number of customers involved. 
However, as a result of the care that is 
taken in the design and operation of dis- 
tribution feeders in a modern system, 
they are seldom the cause of poor volt- 
age. The portion of the system that 
provides the rea] problem in voltage con- 
trol is that made up of the distribution 
transformers, secondaries, and services 
because the voltage drops in these parts 
of the system are generally greater than 
in the short primary feeders in a modern 
distribution system. 

There are so many distribution trans- 
formers, secondaries, and services in a 
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distribution system that it is apparent — 


each of these units cannot be given con- 
tinuous individual attention. Yet, since 
any one unit when improperly designed, 
applied, or maintained may be the cause 
of poor voltage, it is evident that a careful 
set of standard designs and system of 
routine attention must be established to 
insure proper voltage control. 

The importance of transformers, sec- 
ondaries, and services in the voltage prob- 


Table Il. Number of Justifiable Complaints by 
Cause During 1937 


Number Per 
of Cent 
Portion of System Com- of 
Responsible for Poor Voltage plaints Total 
Pritnary feeders;,. sir. visite aloes siplets LO ner L2sd 
Transformers and secondaries........ Tete Oo 
Services and customer wiring........ 30.... 37.0 
Utilization equipment (oil burners, 
blower motors, flashing signs, 
CUE.) Sa iesesaviers tere wuestrenorelleveusy avararsieleleys 14a aelise 
Total jaa acera cuales ipisvsie Shape erate aeteeiats 81. 100 


lem is further emphasized by a considera- 
tion of voltage complaints in the Buffalo 
district during 1937. Table I shows the 
number of cases of unsatisfactory voltage 
caused by each part of the distribution 
system. 

The first important step to be taken in 
guarding against voltage troubles in the 
secondary portion of the distribution 
system is to prepare standard trans- 
former-secondary designs for all condi- 
tions usually encountered in the field. 
Such standards must be based not only 
on proper voltage control but also on con- 
siderations of economy, ease of change 
when necessitated by load growth, and 
similar factors. 

Such a set of standards prepared for the 
Buffalo district calls for number 2 wire 
for about 90 per cent of the secondaries. 
This means that growth of load in the 
great majority of cases can be accom- 
modated by changing the size or spacing 


of transformers with no change of second- . 


ary wire. These standards are all based 
on keeping the voltage drop in the second- 
ary within 1.5 per cent with full load on 
the transformer. 

It is equally important to prepare 
standards for new service entrances to be 
installed by customers and corresponding 
service drops to be installed by the power 
company. This should include guides 
for the replacement of existing services 
when necessitated by load increases. 

Much could be said about various 
methods for keeping continuous records 
for load so as to know when to change 
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transformers. It is mentioned here be- 
cause whatever system is adopted for 


field checking transformer loads should 
also check load balance on the three wire — 


secondaries which is a very important 
factor in proper voltage control. 


Utilization Equipment 
Two characteristics of the new load 


being added to distribution systems to- 
day are disturbing to those engineers re- 


sponsible for proper regulation of service — 


voltages. The first is the low-power- 
factor characteristic of a large portion of 
the load that is being added. The sec- 
ond is the tendency of many of the new 
utilization devices to introduce sudden 
load changes which, if of sufficient magni- 
tude and of frequent enough occurrence, 
may result in objectionable flicker. These 
statements refer particularly to auto- 
matic house-heating equipment, air-con- 
ditioning equipment, refrigerators, small 
arc welders, and similar types of ap- 
paratus. 

It is becoming increasingly important, 
as more of this equipment is being added 
to the systems, that the electrical manu- 
facturers, electrical contractors, and elec- 
tric power companies co-operate to in- 
sure the proper operation of this equip- 
ment without interference with other 
loads and at the lowest over-all cost to 
the industry. 

One of the most important steps in 
such a co-operative program should be 
the introduction by all electric power 
companies of reasonable motor-starting- 
current limitations based on the true 
capacity of the distribution systems to 
accommodate such starting currents 
without serious voltage disturbance in 
place of limitations based on the size of 
the motor.’ 


Conclusion 


While voltage regulation is the most 
important criterion of the quality of the 
service rendered by an electric delivery 
system, very few customers purchasing 
electric service have any means for meas- 
uring this quality other than by compari- 
son of present with past performance of 
their utilization equipment. If their 
lamps seem to burn out at a faster rate 
than normal, they conclude that the 
voltage is too high. 
with less brilliance than normal or the 
elements of the range heat at less than 
normal rate, they conclude that the 
voltage is too low. This introduces an 
important psychological factor. For ex- 
ample, an analysis of the voltage com- 
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If the lamps burn - 


RPHE WINDER is one of the more im- 
portant machines in the paper in- 
lustry. In general, every paper machine 
as a winder intimately associated with 
t and there are many others used in the 
inishing room. 
It is not strictly a part of the paper 
nachine, but is very closely allied to it 
ince its function is to take the reel of 
yaper from the paper machine, trim it, 
lit it to the proper width, and rewind it 
nto smooth, even density rolls of the 
groper size for shipment; and since it 
tarts and stops frequently to change 
olls or make splices, it must operate at 
speeds greatly in excess of the paper- 
machine speed to keep up with produc- 
ion, 


The Winder 


It consists essentially of an unwinding 
stand on which the roll of paper to be re- 
yound is mounted, several free-running 
steel rolls over which the paper passes, 
1 slitter, a spreader bar, and a pair of 
winding drums on which the roll of re- 
wound paper rides. See figure 1. 

Power is applied to the winding drums, 
which in many instances have been either 
seared or belted together in such a man- 
ier that the leading roll travels slightly 
aster than the trailing roll. The object 


Regenerative Tension Control for 
Paper Winders 


By H. W. ROGERS 


ASSOCIATE AIEE 


of this method of drive is to wind a uni- 
formly tight roll of proper density. 

More recently there has been a definite 
trend toward using a separate motor on 
each winding roll, with provision for ad- 
justing the relative load on each motor, 
thus insuring the proper winding con- 
ditions at all times for any kind of paper. 

To operate successfully, and wind 
smooth even density rolls, there must be 
tension in the sheet of paper, The ob- 
ject of the tension and the spreader bar 
is two-fold: first, to remove all wrinkles 
from the sheet, and second, to wind a 
tight roll of even density. Heretofore, 
tension has been obtained by means of a 
manually adjusted band brake on the 
unwinding roll stand, and while it is 
possible to automatically control the 
brake, it is difficult to hold constant ten- 
sion with such a device since the unwind- 
ing roll may vary in diameter as much as 
five to one during the operation. In a 
large majority of cases, this band brake 
is manually operated and in such in- 
stances it is impossible to hold anything 
that approaches constant tension, since 
the operator has no real indication of the 
tension in the sheet. 

Devices of this type are, of course, in 
operation, and will continue on the 
smaller machines, possibly on the larger 
machines winding light-weight papers, 


jlaints received from customers in the 
Buffalo district during 1937 shows that 
nly 3.5 per cent of the high voltage com- 
dlaints were justified whereas 80 per cent 
of the low voltage and flickering voltage 
~omplaints were justified. 

There has been a very interesting ex- 
imple in the Buffalo district of the effect 
hat major system changes can have on 
he psychological factor. During the 
rears 1930 and 1931, the supply to all of 
he residential load and most of the com- 
nercial load in the Buffalo district was 
hanged from 25 cycles to 60 cycles. A 
complete new distribution system was 
nstalled and the normal service voltage 
vas raised from 115 to 120 volts as a part 
f the same operation. The number of 
roltage complaints rose steadily during 
his major change reaching a peak during 
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the year 1932 at about double the number 
recorded in any year prior to the start of 
the change. There has been an appreci- 
able decrease each year since 1932 so that 
the total number of complaints during 
1937 was only one-quarter of the 1932 
peak. The interesting feature is that 
during this entire period there has been 
very little change in the annual number 
of complaints found to be justified. 
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but the trend toward wider, high-speed 
machines and heavier papers has so in- 
creased the power involved that the dis- 
sipation of heat in a mechanical brake is 
a real problem and the maintenance may 
become a major item of expense. 


Characteristics of Paper 


The situation may be more readily ap- 
preciated if we go back to fundamentals 


WINDING ROLL 
UNWINDING ROLL | 


Diagram of a paper winder 


Figure 1. 


AVERAGE STRETCH 
FOR RUPTURE 


PER CENT STRETCH 


10 20 30 40 50 60 70 
-PULL IN PER CENT OF REAM WEIGHT 


Figure 2. Characteristic stretch curve for 
uncalendered kraft paper 


and discover some of the characteristics 
of paper. Figure 2 shows the relation 
between per cent stretch and pounds pull 
per inch width in per cent of ream weight, 
(500 sheets, 24 by 36 inches) for un- 
calendered kraft paper, and while this 
curve may vary for other grades of paper, 
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it is undoubtedly characteristic of all 
grades of paper. It is based on some 18 
samples varying in weight from 25 pounds 
to 70 pounds. A few samples ruptured 
at 1.8 per cent stretch, none ruptured at 
less than 1.0 per cent stretch and the 
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Figure 3. Power consumed by a mechanical 
brake on a 200-inch winder 


average rupture was at 1.4 per cent 
stretch. 


Sheet Tension 


Experience seems to indicate that a 
tension of approximately 4.0 per cent of 
the ream weight per inch width of sheet 
is sufficient to wind properly a roll of 
paper. This corresponds to a stretch of 
approximately 0.02 per cent, well within 
the rupture point, and up to the present 
time seems to have met all operating re- 
quirements. 


Losses Due to Tension 


This tension, expressed in pounds pull 
per inch width of sheet may not appear 
imposing, but when combined with a 
wide sheet and high speed, it presents a 
materially different picture. Figure 3 
shows the power consumed by a mechani- 
cal brake in maintaining proper sheet 
tension on a 200-inch-width winder when 
operating at various speeds with different 
weights of paper. It also approximates 
the amount of power returned to the line 
on a regenerative electric tension-control 
system. 
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UNWINDING ROLL DIAMETER — INCHES 
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WINDING ROLL DIAMETER — INCHES 


Figure 4. Corresponding diameters of wind- 
ing and unwinding rolls for paper winders 


Regenerative Tension Control 


The idea of regenerative tension con- 
trol is not new, but the enormous ex- 
pansion of the paper industry, the build- 
ing of many new kraft mills in the South 
and the more general use of this kind of 
paper for containers and innumerable 
other uses has fostered many changes and 
developments in this type of equipment 
to meet the more exacting conditions of 
operation. 


Operating Requirements 


The operation of a winder requires a 
smooth, easy start, continuous slow speed 
while paper is being threaded through 
the machine and for making splices, 
smooth acceleration from standstill to 
maximum speed, rapid smooth decelera- 
tion, and at times, a quick stop. 

With the mechanical tension control 
the operator must rotate the unwinding 
roll by hand during the threading opera- 
tion. This is not objectionable on the 


smaller machines, but the trend towa1 
wider machines and much larger diar 
eter paper rolls places a burden on tl 
operator as some of these rolls wei 
six or seven tons. Provision shou 
therefore be made to turn these rol 
over by power during the threadit 
operation. 

Furthermore, these heavy rolls — 
paper have an enormous amount | 
energy when the winder is running : 


UNWINDING ROLL+4+-|WINDING ROLL +4 
Coo we wr ne 
PEC leas « 
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UNWINDING ROLL DIAMETER — INCHES 


0 
0 5,000 10,000 15,000 20,000 25,000 30,00 
EQUIVALENT WEIGHT AT PERIPHERY 


WR? of winder reduced to equiv 
lent weight at the periphery 


Figure 5. 


full speed, and provision for quick sto; 
ping is essential. 


The Modern Winder Drive 


One of the modern high-speed wind 
drives is of the Ward Leonard type wit 
two compound-wound d-c driving m 
tors, a d-c tension generator, a mot 
generator with booster unit and excite 
the necessary control and a current reg 
lator. The control of the winder spec 


Table |. Acceleration Data for a 228-Inch 3,000-Foot-Per-Minute Winder 


Total Machine 


Unwinding Roll 


Horsepower 
Diameter of Equivalent Torque to Equivalent Horsepow 
Unwinding Roll Weight Force to Accelerate Weight Force to Torque tc 
(Inches) (Pounds) * Accelerate One Roll (Pounds) Accelerate Accelerat 
65 28,875. Soe ee One ee» AOE > ee ee OT DO eset (58) cent eae 69 
60 28,800. . oye ete Rhaieiece 203-0: eke Si BOO ecsucte cat G4 Sees 58.2 
55 28,750 seep OOU ene Aen 2038) 5 Stake as Mj OU Ol eee netets Bi 2 or os 52 
50 28; (00 lee ene 2230's an s.0 650.8 BOS se Jee ae 6; 250) Serena 486 i ineeerstarets 44.2 
45 . 28,750 Ee RT ce Se QO: cases enn BsS00 aera ADD tre Semele 37.5 
40 . 28,750 Di 2aD ake cress < 208% wae eae 4 DOO Facet SOO ape oheras 31.8 
35 B94 DU aianeestenn RZSH. ise aetey BOS Visas tee ee 3B, SOO ae ere 205. 5 brates 26.8 
30 28,875. DAS aS reas DOS essence SEARO an 6b 262)... uate 23.8 
25 . 29,250 227 O eens 206: 5a.cecaerere S L257 ee reat DAS «ic saittet ate 220 
20 20 FOU senate 2 2, 3:L OR a eyerererers BAO wos asta so Sy LZ eater ee 243.26) Meant 22.1 
EB YAS Cares Gers Ss o.cx CHIGTOE gee oos 24S Oy aes spc DANS ns OCS th CA Pa eae Haas S2 sc eee 29.1 


* Winding one large roll of paper from one 65-inch roll. 
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“igure 6. Power curves for selecting equip- 
ment capacity 


s entirely by generator-field adjustment, 
and there is means of adjusting the load 
listribution between the two driving 
notors to insure a tightly wound roll 
with any grade of paper. 


The Tension Generator 
The braking generator is very similar 
-o the adjustable-speed d-c motor with a 


speed range by field control of four or 
ive to one depending on the maximum 


Table Il. 


and minimum diameter of the unwinding 


roll. The four-to-one range is, however, 
less expensive and should be adhered to 
preferably. This can be accomplished 
very readily by increasing the core diam- 
eter of the unwinding roll a few inches, as 
it does not affect the maximum diameter 
materially, nor the amount of paper in 
the roll. 


The Booster 


The booster supplies the JR drop in 
the braking generator circuit and makes 
sheet tension immediately available when 
the winder is started up. Constant ten- 
sion means constant horsepower or con- 


Power Data for Winders 


*Power Data—With Spreader Bar Only 


<== 


Main Tension 
Tension Tension Friction Tension Total Horsepower Generator Generator 

at “A+ at, *B?+* Load Load Load Returned Capacity Capacity 
Olsiemacs oils ~ 0 .....0.00520.....0.00000.....0.00520.. 0.00000... ..0.00430 . .0.00000 
Dee ere 16s2 = (0.00b70... .-, 0.00000... 5... 0.01176 0.00575.....0.00570.. 0.00517 
ee See 4.326... . .0.00619. .:.:..: 0.01210.....0.01830.. 0.01150.... .0.00660 . 0.01035 

Lis Pee GAS0 sion 0 00668.....0.01820.... .0.02488.. 0.01730.....0.00770.... .0.01550 
Ae Sate 8.652...» 0.00718.....0.02420.....0.03138.....0.02300.....0.00880... . .0.02070 

BAD ete nyo IG.Si5.. 2... COOL ET swans 0.03030.....0.03800.....0.02880.....0.00992.... .0.02600 

LB erenssalehs 12 D7 Bins ox 0.00816.....0.03640..... 0.04456.....0.03460.....0.01120.. 0.03120 

if aie ida ee 0.00866..... 0.04240 ....... 0.05106.....0.04030.....0.01220 0.03630 

*Dower Data—With Spiked Roll and Spreader Bar 

© se aere she hy Me eee 0.00520.....0.00000.....0.00520.....0.00000. 0.00430. . 0.00000 
Dehn eee OO eo aietene 0.00661.....0.00606.....0.01267.....0.00575.....0.00620.... .0.00517 

Ses arts naieile BOF O\ecter ss 0.00802.....0.01210.....0.02012.....0.01150.....0.00807.... 0.01035 
(Ros ainour e469. on 0.00943..... 0.01820.....0.02763.....0.01730.....0.01000.....0.01550 

Si aretouets, oe O95 8ine ack 0.01084.....0.02420.....0.03504.....0.02300.... 0.01190... ..0.02070 

GTS dd esl WR i Gee 0.01224.....0.03030..... 0.04274.....0.02880. 0.01395.....0.02600 
2, ee ietio whe.s 1AOSS8ie. oc OLOlS6O <2, 0.03640..... 0.05006.....0.03460.....0.01560.... .0.03120 
iW Bee ena 474205555. CREE OANO crea 0.04240..... 0.05746... ..0.04030.....0.01750.... .0.03630 


: Power data is horsepower per inch width per 100 feet per minute except main generator which is kw. 


** Tension is in pounds per inch width. 
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Figure 7. 234-inch, two-drum winder driven 

by an adjustable generator voltage winder 

drive with regenerative braking tension control. 
Winding speed 3,000 feet per minute 


stant current for any given speed, but 
since with constant tension the horse- 
power varies directly with the speed, it 
follows that if constant current is held 
in the braking generator, the tension 
will be constant regardless of the winder 
speed or the diameter of the unwinding 
roll. 


The Regulator 


It is the function of the regulator to 
hold this current constant at whatever 
value it is set, depending upon the weight 
of paper being wound. Provision is 
made, however, for operating the braking 
generator as a motor during the threading 
operation, thus relieving the operator of 
considerable heavy labor. 


Acceleration and Deceleration 


Mention has already been made of the 
heavy inertia involved in large rolls of 
paper and since the sheet must bring the 
unwinding roll up to speed and involves 
considerable tension or pull, the regulator 
automatically eases off the current held 
by the braking generator to avoid break- 
ing the sheet and when the winder is up 
to speed, it again holds the correct cur- 
rent. During the slowing down opera- 
tion, the reverse is true; the regulator 
automatically holds a higher current to 
keep the sheet tight and prevent it from 
wrinkling. 
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Adjustable 


voltage 
winder drive with regenerative braking tension 


Figure 8. generator 


control. Two 75-horsepower 1,750-rpm 
230-volt driving motors. 50-60-horsepower 
250-1,000-rpm + 230-volt braking generator 


As an illustration we may consider a 
modern winder of 228-inch width de- 
signed to operate at 3,000 feet per minute 
on kraft papers up to 150 pounds per 
ream. 

The equipment consists of two 125- 
horsepower motors on the winding drums, 
one 125-horsepower 185/945-rpm braking 
generator, and a 60-kw motor generator 
set with the necessary booster, constant- 
current regulator, and control. 

The winding drums are 20 inches in 
diameter, the rider roll and guide rolls are 
137/s inches in diameter, and the unwind- 
ing roll is 65 inches in diameter, wound on 
a 137/s-inch spool. 

At any given operating speed, the 
speed of the braking generator must 
vary over a range of 4.7 to 1 and as the 
unwinding roll decreases in size the wind- 
ing roll increases as shown in figure 4 
with a consequent decrease in WR? of 
the unwinding roll and an increase in 
WR? of the winding roll. In many in- 
stances the operation is such that 30- or 
32-inch finished rolls are the maximum 
size and four of these may be wound from 
a 65-inch roll of paper. The operation 
is, therefore, intermittent with frequent 
starting and stopping, and, in addition to 
the friction and tension load the motors 
must accelerate this heavy inertia from 
standstill to top speed in about 20 sec- 
onds. 

The unwinding roll, instead of being 
driven, is held back by the braking 
generator to maintain proper tension in 
the sheet. During accelerating this ten- 
sion is composed of two elements, the 
pull caused by the braking generator and 
the pull required to overcome the inertia 
of the roll. Therefore, to maintain a 
constant tension during acceleration, the 
tension caused by the braking generator 
must be reduced by an amount equal to 
the pull required to overcome the inertia. 

To simplify the problem involved we 
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may consider all of these heavy inertias 
as so much weight concentrated at the 
periphery of the roll of paper as indicated 
in figure 5 and calculate the power re- 
quired to accelerate this weight in the 
required time. 

Curve A and C figure 5 represents a 
single large winding roll while curves B 


Figure 9. Main control panel for adjustable 
generator voltage winder drive 


and D represent four 32-inch-diameter 
rolls wound from one 65-inch roll of paper. 

The tabulated data in table I show 
the equivalent weight of the complete 
winder together with the force and horse- 
power torque required to accelerate it in 
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20 seconds for various diameters of th 
unwinding roll. It also shows the equive 
lent weight of the unwinding roll t 
gether with the force and horsepowe 
torque required to accelerate it. 

The average horsepower torque r 
quired to accelerate the complete winde 
is 205.7 while the average horsepowe 
torque required to accelerate the unwinc 
ing roll is 38; therefore, the tension hel 
by the braking generator should be de 
creased by a corresponding amount t 
maintain a constant sheet tension durin 
this operation. This is automaticall 
taken care of by the regulator throug 
the system of wiring connections. 

When operating at top speed (3,00 
feet per minute) the input to the drivin 
motors resulting from friction and shee 
tension is 212 horsepower while the powe 
returned to the line from the brakin 
generator is 137 horsepower leaving 7 
horsepower to be supplied by the moto 
generator set. During acceleration th 
input to the motors (in terms of maximur 
speed) is 435 horsepower but because c 
the easing off in tension held by the brak 


Figure 10. Auxiliary control panel for ac 
justable generator voltage winder drive 


ing generator, only 101 horsepower is re 
turned to the line, leaving the moto 
generator set to supply 334 horsepower o 
250 kw during this short period of time 


Dynamic Braking 
Quick stopping is very important 


especially on high-speed winders, an 
provision is made for electrical brakin 
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PPLICATION engineers frequently 
encounter the problem of choosing 
between the several available methods 
employed to stop a squirrel-cage induc- 
tion motor quickly. To the best of the 
writer’s knowledge, little has been done to 
present data in such a way as to make it 
useful to draw direct comparisons between 
these schemes, discuss the advantages of 
each, and aid in the choice of the method 
best suited to a particular application. 


Paper number 38-50, recommended by the AIEE 
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on both the winder motors and unwinding 
roll. This feature has a considerable 
bearing on the selection of motor capac- 
ities where light-weight papers are in- 
volved because the inertia of the winder 
and the roll of paper are likely to have a 
greater bearing on the motor capacity 
than the sheet tension under these con- 
ditions. 


Power Requirements 


The power required to drive a winder 
is made up of friction load and sheet 
tension and while there is some slight 
variation in the friction load of different 
winders, it is permissible to assume an 
average friction load and calculate the 
power requirements on the basis of sheet 
tension, assuming that the spreader bar 
or spiked roll or both are used in the opera- 
tion. Such power data have been cal- 
culated and are herewith submitted in 
table II and figure 6. 

An attempt has also been made to 
indicate the approximate tension required 
for sheets of various weights, based on 
recent experience and tests on winders 
now in operation. This is indicated in 
the curve, figure 6, and while there are 
scant data on this subject, and some 
difference of opinion, it will serve as a 
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Comparison of Methods of Stopping 
Squirrel-Cage Induction Motors 


By W. |. BENDZ 


Such is the purpose of this paper. 

The schemes most commonly en- 
countered in industrial equipment are: 
(1) Braking applied by a magnetically 
released, spring-set friction brake either 
of the shoe or disk type, or (2) Plugging, 
using a reversing magnetic controller 
usually in combination with a “plug- 
ging”’ or “zero-speed”’ switch driven from 
the motor shaft, (3) A scheme which is 
rapidly gaining favor for industrial ap- 
plication is the application of direct cur- 
rent to one or more of the motor stator 
phases and thereby stop the motor by 
what has been commonly referred to as 
“dynamic braking.” (4) A fourth 
scheme discussed herewith is dynamic 
braking using a capacitor and resistor in 


guide to the trade in selecting the sheet 
tension. The capacity of the equipment, 
however, is definitely determined by the 
sheet tension and equipments for this 
service should be so specified. 


Conclusion 


The big advantage in this type of drive 
is in maintaining constant sheet tension 
at any desired value and correctly wind- 
ing rolls of uniform density. The load 
distribution between the motors and the 
sheet tension is indicated at all times and 
fast smooth acceleration and decelera- 
tion are available. 

Regenerated power, while not of pri- 
mary importance, does nevertheless make 
available power which otherwise must be 
dissipated as heat, and permits of using 
much smaller motor generator sets than 
would otherwise be possible. For ex- 
ample, a 228-inch winder operating at 
3,000 feet per minute on a 300-pound 
kraft sheet would require two 200-horse- 
power driving motors, a 100-kw motor 
generator set and a 225-horsepower 
braking generator, which, on the basis 
of 50 per cent operating time would save 
approximately 810,000 horsepower-hours 
per year; power which might be used to 
good advantage elsewhere in a mill. 
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which case the motor functions as an 
induction generator. Occasionally, an 
application warrants combining two brak- 
ing schemes to obtain a desired function of 
a drive. Some suggestions in regard to 
this are also discussed. 


Magnetically Operated 
Friction Brake 


Probably the oldest and certainly the 
most common method of stopping ac- 
motors is by means of a spring-set mag- 
netically released friction brake. The 
coil of the brake magnet is usually con- 
nected directly across two of the motor 
terminals so that the brake is energized 
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BRAKE 


Figure 1A. Brake coil connected across 
motor leads 


(released) whenever power is applied to 
the motor and the brake coil de-energized 
(brake set) when power is disconnected 
from the motor. Earlier construction 
was such that the brake frame was sepa- 
rate from the motor and the two units 
had to be properly aligned. Co-ordi- 
nated designs now usually include the 
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1B. Brake coil connected with 
separate circuit 


Figure 


brake frame with the rear motor bracket 
and mount the brake wheel directly on a 
rear extension of the motor shaft. This 
design has been used for many years 
although a recent modification has been 
the introduction of disk-type brakes 
rather than shoe brakes. The disk 
brakes are neat in appearance and com- 
pletely enclose all rotating parts. Since 
there is no difference in the function of 
either type of brake, the comments which 
follow apply equally well in both cases. 

The application of ‘‘thrustor’’ brakes 
has been omitted from this paper for the 
reason that the writer is herein mostly 
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Figure 2. Comparison of brake-coil connec- 
tions 


concerned with motor ratings to which 
“thrustor’’ brakes are not usually adapted. 

In all of the data which is presented, 
references to time or to the number of 
revolutions to stop a motor also includes 
the operating time of the magnetic con- 
tactor used for the motor control. This 
fact should be remembered when exam- 
ining the shape of curves plotted against 
time or distance to stop. 

The usual method of connecting a 
brake of this type is to wire the magnet 
coil directly across two of the motor leads, 
as illustrated in figure 1A. 

The motor control disconnects the 
motor circuit and de-energizes the brake 
coil as well. This method of connecting 
the brake is simple and inexpensive 
since the brake is always beside the motor 
and the conduit wiring reduced to a 
minimum. 

If the motor control switch is provided 
with an additional pole the connection 
shown in figure 1B can be used resulting 
in a considerable reduction in braking 
time. Any circuit which isolates one 
side of the brake coil from the motor can 
be used equally as well. The purpose 
of this connection is to completely de- 
energize the brake magnet at the same 
instant as the motor is disconnected 
from the line in order to bring about im- 
mediate application of the braking force. 

The results of a test to show a compari- 
son between these two connections, 
taken on the same motor and brake are 
plotted in figure 2. The dotted curve is 
the result of connecting the brake coil 
directly across the motor terminals as in 
figure 14 while the solid curve is the 
plot of performance when employing the 
separate brake coil connection shown in 
figure 1B. It is apparent that the differ- 
ence in revolutions traversed during 
deceleration for the two schemes is 
greater at the lower value of braking 
torque. The explanation rests in the 
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fact that the reduction in braking torque 
was obtained by weakening the spring 
of the brake. As the spring was made 
weaker the voltage appearing across the 
brake coil as a result of it being con- 
nected across the motor terminals caused 
increasing delay in the application of the 
brake, when this method of control was 
used. 

The results shown in figure 2 were 
obtained on a three-horsepower six-pole 
frame W-254 motor equipped with a 
standard solenoid brake. The same 
tests were made on four- and eight-pole 
motors, both two and five horsepower. 
Similar results were obtained and in 
general it can be said that the difference 
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Figure 3. Comparison of calculated and test 
performance 


between the two schemes is less for eight- 
pole motors and greater for four-pole 
motors. This is as would be expected 
since the higher speed motors will turn 
a larger number of revolutions for a given 
unit of time delay for the application of 
the brake. 

The result of these tests brings about 
the conclusion that whenever maximum 
braking effect is required it is worth while 
to open the brake-coil circuit by means of 
a separate contact. 

Figure 3 shows a plot of braking torque 
against revolutions to bring the motor to 
a stop for four-, six-, and eight-pole 
three-horsepower motors with the brake 
coil opened by a separate contact as in 
figure 1B. These curves may be con- 
sidered as typical for motors of any horse- 
power rating but individual cases will 
depart from the performance illustrated 
due to variation in the ratio of torque to 
WR? for different motors. For this 
reason it seemed advisable to compare 
actual performance with theoretical cal- 
culated values from which one may con- 
sider the expected performance of any 
similar motor and brake. 
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The results of calculated performance 
for the motors tested in figure 3 are shown 
by the dotted curves. These were cal- 
culated from the braking torque, motor 
WR?, and adding a factor of one-tenth 
second for the control and brake to 
operate. Tests showed that the average 
control and brake operated in about six 
cycles when the brake was adjusted for 
its maximum rating. A somewhat longer 
time was required when the brake spring 
(and torque) was decreased but this 
variation was neglected for the purpose 
of simplifying the discussion. 

The importance of the curves plotted 
in figure 3 is that the performance as 
calculated from braking torque, motor 
WR?, and control operating time checks 
reasonably well with actual operating 
conditions. Furthermore, it can be con- 
cluded that there is little to be gained by 
applying a brake rated much more than 
100 per cent of the motor full-load torque 
and certainly no reason to exceed 200 
per cent torque. This statement is true 
only when the WR? of the connected 
load is small compared with the motor. 
Choice of the proper brake must take this 
into account. 

Figure 4 shows a plot of braking torque 
against time to stop the motor for six- 
and eight-pole three-horsepower motors. 
While other ratings were tested the re- 
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Figure 4. Comparison of brake-coil connec- 
tions 


sults were not included in the figure 
because of the confusion of curves. As 
was brought out during the discussion of 
figure 3, calculated performance is reason- 
ably accurate from which other ratings 
could be added to figure 4. 

The solid curves of figure 4 are the 
results obtained when using the separate 
brake coil connection shown in figure 
1B and the dotted curves correspond to 
the connection of figure 1A. 
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To summarize the application of 
1agnetic brakes the following conclusions 
i be drawn: 


a When the maximum braking effect is 

ed it is worth while to select the con- 
‘ol to provide the separate brake-coil cir- 
wit as shown in figure 1B. 


. Except in cases where the WR? of the 
onnected load is a considerable portion of or 
reater than the motor inertia, there is not 
luch gained by selecting a brake rated 
1ore than 100 per cent of the motor. full 
vad torque; no practical gain by exceeding 
00 per cent torque. 


. Theoretical performance calculated by 
he following formulas are sufficiently close 
or most practical applications: 


4 WR? X rpm 
: to st ene 
mee 97t0P 308 X brake torque 7 Os 
tevolutions to stop = 
WR? 2 
eee Se 10-4 


3.70 X brake torque 
Vhere 


‘ime is in seconds 
srake torque is in pound-feet 
VR? is in pound-feet? 


lugging Squirrel Cage-Motors 


Plugging control to stop squirrel-cage 
notors is becoming more widely used for 
many kinds of industial applications. 
fhe reasons for this are (1) the increased 
apacity of feeder systems, thereby more 


iniversally eliminating the objection to 


SWITCH CLOSED 
FORWARD ONLY 


FWD. 


PLUG. SW. 
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igure 5. Schematic diagram of full-voltage 
plugging control 


he relatively high line current required 
or effective stopping, (2) the improve- 
nent in motor design to electrically and 
nechanically withstand the stress during 
lugging, and (3) the availability of 
oper and reliable control apparatus for 
lugging service. 

The majority of plugging applications 
re those for which the motor is connected 
cross the power lines at full voltage by 
neans of a pair of reversing contactors. 
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A typical magnetic push-button control 
for this purpose is shown in figure 5. 

A plugging switch, frequently referred 
to as a zero-speed switch, is driven from 
the motor shaft or from machine shafting 
coupled to the motor. This type of 
switch is designed so that its contacts 
close only due to rotation in one direction 
and are therefore open at zero speed or 
reverse rotation. Inspection of the dia- 
gram shows how the normally closed 
interlock of the “forward” contactor 
prevents the “reverse’’ contactor from 
being energized while the motor is run- 
ning forward. As soon as the “stop” 
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Figure 6. Performance by reduced-voltage 
plugging 


push button is depressed the circuit to 
the “reverse” contactor is completed 
through the ‘forward’ interlock and 
plugging switch. The motor is then 
plugged to rest and at zero speed or upon 
slight reversal the plugging switch opens 
its contacts and de-energizes the “re- 
verse’’ contactor. 

Control is also available for reversing 
service in which case the plugging switch 
has two sets of contacts, one of which is 
closed by the forward rotation and the 
other by backward rotation. The motor 
is plugged to rest when the “stop” push 
button is depressed, no matter in which 
direction the motor may be running. 

Figure 6 shows a plot of time and also 
the number of revolutions to stop against 
motor voltage in per cent of the normal 
rating. The voltage referred to is the 
value existing across the motor terminals 
at the instant of first starting to plug. 
The reduction in voltage below normal is 
obtained by connecting equal resistors in 
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TR STOP START 


Figure 7. Schematic diagram of d-c braking 
control using copper-oxide rectifier 


the three motor lines. Therefore, the 
abscissa and the right-hand ordinate are 
values occurring at the same instant. 

This figure also includes a plot of peak 
current required to plug a motor at 
any given per cent of normal voltage. 
By use of these curves the peak line 
current required to produce a desired 
rate of deceleration can be determined. 

The data from which figure 6 was pre- 
pared were obtained by testing a number 
of motors between one-quarter and ten 
horsepower, four-, six- and eight- pole. 
Although the curves of this figure repre- 
sent average values for this wide range of 
ratings it is important to note that in- 
dividual cases did not depart from the 
average curve more than 10 per cent in 
regard to revolutions or time plotted 
against per cent voltage. However, 
there was a somewhat wider variation 
when considering the peak current drawn 
at 100 per cent normal voltage and this 
factor should not be overlooked when 
applying this data. 

It is important to note that the results 
shown refer to a constant line voltage. 
If the line potential is decreased during 
the plugging interval the performance is 
changed radically. As an example, a 
test was made on one motor, holding the 
line voltage constant and adjusting series 
resistors to limit the plugging current to 
400 per cent which resulted in 5.0 revolu- 
ions to stop the motor. The same motor 
was connected across a generator and 
feeder system of such poor regulation that 
the plugging current was also 400 per cent 
but without any series resistors. In the 
latter case the motor required 8.0 revolu- 
tions to stop or an increase of 60 per cent. 

The amount of resistance to connect 
in series with the motor to limit the 
plugging current to any desired value can 
readily be calculated from the motor 
locked-rotor current and power factor. 
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Once the approximate motor reactance 
has been calculated the resistance can 
also be obtained. The required imped- 
ance is figured, knowing the maximum 
permissible line current and from this the 
total circuit resistance is obtained. Sub- 
tracting the motor resistance leaves the 
value to be added to each line. 


Dynamic Braking by Applying 
Direct Current 


Dynamic braking of a squirrel-cage 
motor by disconnecting the a-c power and 
applying direct current to one or more 
stator phases is not a new scheme but 
has not been widely used to date. Per- 
haps lack of sufficient application data 
and inadequacy of a source of direct 
current are the major factors limiting its 
use. There are many applications for 
motors three horsepower and _ below, 
particularly on machine tools, that require 
smooth braking and in many cases a 
Rectox copper-oxide rectifier is well 
suited to supply the necessary direct 
current. 

One suggested wiring diagram for a 
unit consisting of control and Rectox is 
shown in figure 7. This scheme includes 
a time delay relay to disconnect the recti- 
fier at the end of the braking period which 
is a feature that is not required in all 
cases. 

Referring to the diagram, if the ‘‘start”’ 
push button is depressed the number 1 line 
contactor is energized and its interlock 
contact bridges the “‘start’”’ push button. 
The motor is then running, energized by 
the a-c power line. If the ‘‘stop” push 
button is depressed the circuit to number 1 
contactor is broken and the a-c power is 
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Figure 8. Performance by d-c braking 
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PERCENTAGE OF FULL-LOAD 
MOTOR RATING —D-C AMPERES 
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Figure 9. Required direct current for braking 
can be calculated by using this curve 


Figure 10 (right). Braking performance by 
capacitors and resistors 


immediately disconnected. The lower 
contacts of the ‘‘stop” push button com- 
plete a circuit to the coil of timing relay 
TR and also the coil of number 2 contactor 
as soon as the normally closed contact of 
number 1 seals, thereby indicating that a-c 
power has been removed. The instan- 
taneous make contacts of 7R complete 
the holding circuit to TR and number 2. 
The contacts of number 2 apply the alter- 
nating current to the Rectox and connect 
the d-c terminals to one phase of the 
motor. The resistor in the a-c terminals 
of the Rectox reduces the applied a-c 
voltage since only a low d-c voltage is 
required for braking. When the cycle 
of TR expires, its time delay contacts 
open thereby dropping out number 2 con- 
tactor and resetting 7R. This, of course, 
disconnects the rectifier but the cycle of 
TR should be made long enough to be 
certain that the motor has come to rest. 

If a source of d-c power were available 
the Rectox rectifier could be omitted 
and the same control used except for the 
details of connecting number 2 contactor 
between the d-c line and the motor ter- 
minals, The timing relay would be re- 
quired because in order to obtain effec- 
tive braking a value of direct current 
must be applied which would overheat 
the motor if allowed to continually cir- 
culate while at rest. 

The time and also number of revolu- 
tions required to stop a motor are plotted 
against direct current in per cent of 
motor full-load rating in figure 8. A 
large number of tests were made on 
motors ranging from one-quarter to ten 
horsepower, four, six, and eight poles. 
In studying the results of tests made on 
these ratings it was found that motors of 
like number of poles performed very 
similarly, particularly on the part of the 
curve having the most practical use. 
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R=32.0 OHMS 


9KVA. R=32: 
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The minimum and maximum perform. 
ance for the group of four-pole motors is 
plotted and designated as limits in 
figure 8. Limits were shown for four- 
pole motors only and the average for 
six- and eight-pole motors in order to 
eliminate unwarranted confusion of the 
curves. 

The results shown by figure 8 pertain to 
motors not connected to a load and, of 
course, represent a wide range of windings 
and rotor inertia. In order to present 
data which could be used to predict the 
time or revolutions to stop a motor con- 
nected to a load (of which the friction 
and WR? is known) the variable factors 
which enter into motor design must be 
separated. The problem can be simpli- 
fied by obtaining the average decelerating 
or braking torque throughout the de- 
celerating period by test results. There is 
also a close relationship between the 
braking torque per ampere obtained and 
the motor starting torque. With this 
method of approach as a basis the curve 
of figure 9 was obtained. It is significant 
to note that although figure 9 again repre- 
sents the average of a wide range of motor 
ratings there was no individual design of 
standard squirrel-cage motor that de- 
parted from the average curve more than 
ten per cent, which is a sufficiently 
close check for practical applications. 

Figure 9 can be used to calculate the 
required direct current to obtain the 
desired braking effect by knowing, (1) 
the friction and WR? of the connected 
load, (2) the WR? and starting torque of 
the motor and preferably, (3) the stator 
resistance of the motor. The average 
decelerating torque to stop the motor and 
connected load is readily calculated from 
the formula given at the close of the 
section on friction brakes. Knowing 
the motor starting torque the ratio ot 
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werage braking torque divided by motor 
tarting torque can be obtained and figure 
) applied to get the direct current re- 
quired for effective braking. If the 
notor stator ohmic resistance is known 
he resultant direct voltage can be figured 
ind the details as to the required source 
f direct current easily follow. 

With the exception of fractional horse- 
ower ratings it is sufficiently accurate 
© assume that the motor d-c resistance 
S six per cent of the motor rated voltage 
livided by its full-load current. Frac- 
ional horsepower windings vary con- 
iderably and may depart from this rule 
yy so much as 500 per cent. Conse- 
juently, care must be used to obtain 
xact winding data before proceeding 
vith each application. 

From inspection of the data presented 
n figure 8 and comparing this perform- 
nce with figures 3, 4, and 6, it can readily 
ye seen that it is impossible to stop a 
notor as quickly by means of d-c braking 
s by means of full voltage plugging, but 
he former does approach the effective- 
ess of a magnetic brake. 

While test data show that maximum 
eceleration is not obtained until the di- 
ect current is increased to about 350 
er cent of the motor rating, experience 
as shown that 250 per cent is sufficient 
1 most cases and that the difference in 
raking effectiveness between these values 
annot be noticed without equipment set 
p to make accurate measurements. 
‘here are numerous applications where 
atisfactory braking can be obtained by 
sing direct current of only 150 per cent 
f the motor rating. 

This scheme of stopping a motor is 
ommonly referred to as “dynamic 
raking” but the term is not strictly true 
nd it is not at all similar to dynamic 
raking of ad-c motor. While there is 

decrease in braking torque as the speed 
reduced, it does not fall to zero and 

definite braking torque is applied with 


EPTEMBER 1938, VoL 57 


Figure 11. Sche- 
matic diagram of con- 
trol for capacitor and 

resistor braking 


the rotor at standstill. Sufficient torque 
is available at low speed to prevent 
excessive coasting and the motor is 
stopped smoothly without the violent 
shock characteristic of a magnetic brake 
in particular. 


Dynamic Braking, 
Using Capacitors and Resistors 


Any induction motor will function as 
an induction generator provided it is 
operated in parallel with apparatus that 
will supply a leading power factor load 
since this is the only way by which an 
induction machine can be excited. Usu- 
ally, synchronous machines supply the 
leading power factor but capacitors meet 
the requirement equally well if connected 
across the terminals of the machine. 

While this method of stopping a motor 
does not possess many practical ad- 
vantages it is sufficiently interesting to 
deserve brief mention. 

Either two single-phase or one three- 
phase capacitor unit may be connected 
across the motor. The number 1 con- 
tactor starts the motor by depressing the 
“start” push button. The number 2 con- 
tactor connects the resistors across the 
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Figure 12. 
matic diagram 
special reduced-volt- L2 
age control 
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motor terminals when the ‘‘stop” button 
is depressed. The coil of number 2 con- 
tactor is chosen to hold number 2 con- 
tacts closed to as low a voltage as pos- 
sible. Since there is very little braking 
torque below one-third speed there is no 
point in attempting to hold number 2 
contactor closed below this value. 

A family of deceleration curves taken 
with a 2-horsepower 6-pole 220-volt 3- 
phase 60-cycle frame W-225  squirrel- 
cage motor are shown in figure 10. 
These curves are motor revolutions per 
minute plotted against time and therein 
differ from the type of curves so far pre- 
sented in this paper, 

Because of the inherent characteristic 
of dynamic braking to become less 
effective as the speed decreases this 
method of stopping a motor is useless if 
the motor is not coupled to a load having 
some friction. The dotted curve of 
figure 10 shows how the lower curve 
(C = 1.9 kva, R = 32 ohms) would be 
changed if the motor were connected to a 
drive having a frictional load equal to 
50 per cent of the motor full-load torque 
rating. In this case the motor is brought 
to rest in about three-fourths second. 

The only possibility for a practical 
application of this method would be when 
capacitors would be desirable for power- 
factor correction. For instance, a capaci- 
tor value sufficient to produce reason- 
ably effective braking would result in a 
circuit power factor of approximately 
35 per cent leading when the motor 
operated at about full load. 


Special Applications 


Examples of a few unusual applications 
are given below for the purpose of illus- 
trating factors leading to the choice of 
one or more methods for braking a motor. 

The diagram shown. in figure 12 is a 
drive for a machine in which it was desired 
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to stop the motor in a given position of a 
rotating shaft. Reduced voltage plug- 
ging was chosen for the application. The 
positioning switch was direct connected 
to the shaft to be positioned. Its design 
was such that a circuit is closed through 
the switch except for a few degrees of rota- 
tion. The speed switch is a centrifugal 
switch driven from the motor and its 
contacts are closed from normal down to 
about 15 per cent speed. Below this 
speed its contacts are open. The stop- 
ping function of this drive is to plug the 
motor by reduced voltage until the speed 
decreases to 15 per cent. Below this 
speed the motor is plugged through the 
positioning switch until the “dead’’ zone 
of the switch is reached. Power is then 
disconnected and the motor may or may 
not coast to a stop within the desired 
zone. If it coasts until the switch re- 
closes the motor is energized through the 
resistors to rotate the shaft until it again 
reaches the ‘‘dead”’ zone of the positioning 
switch. 

Reduced voltage plugging was selected 
for this scheme for two reasons: (1) 


Figure 13. Application of oversized mag- 
netic brake 


Plugging offered a means by which the 
motor was kept rotating, with power 
applied, until it finally stopped in the 
proper position; (2) reduced voltage 
plugging was necessary so as to limit the 
motor torque. Otherwise, the rate of 
acceleration or deceleration would have 
been so great as to make it impossible to 
stop close to a desired position. 

The drive illustrated in figure 13 is 
installed in a plant in which the voltage 
regulation is poor. It was desired to 
stop the motor as quickly as possible 
after tripping an emergency stop switch. 
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Figure 14. Application employing both 
plugging and magnetic brake 


Poor voltage regulation would have de- 
feated the effectiveness of full-voltage 
plugging. The problem was solved by 
using a magnetic brake rated 200 per cent 
of the motor torque. A two-pole master 
stop switch was used for the control 
circuit. One pole was wired into the 
motor contactor circuit and the other 
pole directly in the magnetic brake coil 
circuit. Consequently, when the stop 
switch was tripped the brake was applied 
by the time the contactor interrupted the 
motor line current, with the result that 
very effective braking was obtained. 

Figure 14 shows a drive for which the 
load has a WR? of many times the motor 
inertia. The drive between the motor 
and load is by gearing and V belts. 
Since several times full-load motor torque 
would be required to produce the desired 
braking it is obvious that the drive would 
be stressed severely if a large brake 
were placed on the motor shaft. It is 
also true that a brake on the load side 
would impose a peak load on the drive 
because of the motor WR?. The solu- 
tion chosen was to put a magnetic brake 
on the load and use full voltage plugging 
on the motor. The brake was applied 
so as to make the rate of deceleration of 
the load approximately match the motor 
and thereby reduce the stress on the 
drive as much as possible. Considerable 
operating experience has proved that 
this is a very satisfactory scheme. 


Comparison of Methods 


Cost 


While accurate cost comparisons can- 
not be made because of the many 
factors which influence the required ap- 
paratus, the following may serve as a 
rough reference. In each case the cost 
of complete equipment, exclusive of the 
motor, is included and allowance for the 
installation of the parts is made. 

The least expensive method is a sole- 
noid-type magnetic brake and is conse- 
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quently taken as a 100 per cent bas 
price. 

Full-voltage plugging can usually b 
installed for about 135 per cent of th 
brake cost. Reduced voltage pluggin 
will cost about 200 per cent. 

Dynamic braking with direct curren 
including a Rectox rectifier will be be 
tween 150 per cent and 250 per cent o 
the brake cost depending upon the dut: 
cycle. If a source of direct current i 
available and the Rectox therefore omit 
ted, the cost of this scheme can be re 
duced to about 125 per cent. 

Dynamic braking using capacitors an 
resistors will be about 250 per cent for 221 
volts and 200 per cent for 440 or 55( 
volts. 


MAGNETIC BRAKES 


Advantages. The magnetic brake i 
the least expensive scheme to install anc 
while it is not the fastest method fo 
stopping a motor it is second in thi 
choice. No power is taken from the lin 
during the braking period and conse 
quently braking is independent of voltag 
failure. 

Disadvantages. Frequently there i 
not sufficient space in which to mount : 
magnetic brake. On applications tha 
start and stop frequently a certaii 
amount of maintenance is always neces 
sary. Furthermore, the person adjustin, 
the brake must be skilled in this or els 
the brake operation will not be satis 
factory. There is a continued con 
sumption of power from the a-c line whil 
the motor is running. If it is desired t 
manually rotate the motor when power i 
disconnected special arrangements mus 
be made to either electrically or mechani 
cally release the brake. The torque of ; 
friction brake increases considerably a 
very low speed which results in a rathe 
violent shock as the motor is brought t 
rest. For some applications this may- b 
a disadvantage, 


PLUGGING 


Advantages. Full-voltage plugging wi! 
stop a motor quicker than any othe 
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method provided the power supply is 
adequate. This scheme is not very much 
more expensive than a magnetic brake 
requires only a normal amount of 
maintenance. Reduced voltage plugging 
s a flexible method in that the rate of 
leceleration may be readily adjusted 
fter installation. 

_ Disadvantages. Plugging, even at re- 
duced voltage, requires more than the 
motor full-load current taken from the 
line. If voltage fails the motor will 
coast instead of stopping quickly, A 
plugging switch must be mounted, driven 
from or otherwise coupled to the motor 
shaft and properly adjusted. Special 
care in the choice of apparatus must be 
considered if the application disallows a 
) Possibility of the motor rotating slightly 
in the reverse direction. 


D-C BRAKING 


Advantages. This method of stopping a 
motor does not require any apparatus 
mechanically coupled to the motor shaft 
hor is any maintenance required (other 
than is common to control apparatus). 
Because of this it is particularly useful on 
applications subject to frequent starting 
and stopping. The motor cannot run 
backwards as may occur if plugging is 
used and the switch improperly adjusted. 
The motor is free to be rotated manually 
at the termination of the braking period 
and the braking is particularly smooth. 
If a separate source of power is available 
braking will be independent of failure of 
the a-c supply. The separate source 
may be direct current or another a-c 
supply independent of the main a-c lines. 

Disadvantages. The chief disadvan- 
tages of this scheme is its cost relative 
to a magnetic brake. While this scheme 
ranks third in its ability to stop a motor 
most quickly, it is often adequate for a 
large majority of applications. There 
can be no braking torque when the main 
a-c supply fails unless a separate source 
of power is available from which braking 
may be obtained. 


DYNAMIC BRAKING WITH CAPACITORS 


Advantages. This method offers the 
advantage of power factor correction 
while the motor is running and braking 
is independent of voltage failure of the 
supply line. Maintenance would be 
less than for any other scheme of braking 
the motor. 

Disadvantages. Unfortunately, this 
scheme is a poor fourth in braking effec- 
tiveness and at the same time is about the 
most expensive. Consequently, it is not 
economically attractive as a means for 
braking an a-c motor. 
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The Application of Capacitors for Power- 


Factor Correction in Industrial Plants 


By C. E. H. von SOTHEN 


wr: a paper on this subject 
before an AIEE meeting seems 


rather superfluous, perhaps a review of 
some of the facts to be considered in the 
application of capacitors to industrial 
loads will bring out a discussion that will 
be beneficial to all. 

Greater interest has been shown in 
this subject during the past few years, 
both because of the wider application of 
power rates having some form of power- 
factor clause, and because of the reduc- 
tion in power costs to the industrial 
customer, if the power factor is corrected. 
The utility companies generally have 
urged those customers who may benefit 
by power factor correction, to install the 
necessary equipment and in some cases 
have recommended the amount of cor- 
rective capacity to meet the conditions 
existing. The manufacturing companies 


have, of course, also made a great many 
surveys, each case being worked up in- 
dividually to determine the amount of 
correction which will provide greatest 
return on investment. 

A capacitor or static condenser con- 
sists principally of metal foil and paper 
insulation in a metal container and 
generally assembled in a rack or housing 
for indoor or outdoor service. 


Data Required 


The data required to make proper ap- 


Paper number 38-51, recommended by the AIEE 
committee on general power applications and pre- 
sented at the AIEE North Eastern District meet- 
ing, Lenox, Mass., May 18-20, 1938. Manuscript 
submitted February 14, 1938; made available for 
preprinting April 22, 1938. 


C. E. H. von SOTHEN is local office engineer with 
the General Electric Company at Syracuse, N. Y. 


Conclusion 


In conclusion, the following suggestions 
should aid in selecting the best method of 
braking: 


1. If the most important consideration is 
stopping the motor as quickly as possible: 


(a) Determine if the source of supply is capable 
of delivering at least six times the motor full load 
current without dropping the voltage at the ter- 
minals of the motor more than five percent. If the 
supply is adequate use a full voltage plugging con- 
troller. 

(b) If the supply is inadequate use a magnetic 
brake rated 150 per cent to 200 per cent of the motor 
full-load torque and a control designed to open the 
brake coil separately from the motor winding. 


2. If the most important consideration is 
availability of normal braking even with 
the failure of the main a-c supply system: 
(a) A magnetic brake is usually employed in such 
cases. 

(b) Dynamic braking using direct current is 
equally as good as a magnetic brake if a separate 
source of direct current is available. It may be 


worthy of consideration if the separate source is 
alternating current in which case a rectifier would 
be used. : 
(c) Dynamic braking using capacitors would meet 
the requirements providing a very quick stop were 
not necessary. 


3. If the most important consideration is 
ability to withstand frequent operation 
without undue maintenance: 


(a) A magnetic brake will require the largest 
amount of maintenance of any method of braking. 


(b) Dynamic braking using direct current is the 
most attractive scheme both from the point of view 
of freedom from maintenance and least shock to the 


drive. 
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(c) Full voltage plugging can be used if the power 
supply is adequate and the motor applied so as to 
withstand the heating that results from frequent 
plugging. Some maintenance of the plugging 
switch and magnetic contactors will be required. 


4. If the most important consideration is a 
smooth stop without shock to the drive: 


(a) Dynamic braking using direct current is highly 
recommended for this application. 


(b) Dynamic braking using capacitors would pro- 
duce a smooth stop and may possibly deserve con- 
sideration. 


5. If the most important consideration is 
assurance that the motor will not rotate 
backward: 


(a) A magnetic brake or d-c braking are equally 
good in this respect as neither can result in backward 
rotation. 


(b) While it would not be correct to state that 
plugging could not be used for such an application, 
it is true that this method is more subject to reversal 
than any other and extreme care should be used in 
the selection and adjustment of the plugging 
switch. 


6. If the most important consideration is 
freedom of the motor to be rotated manually 
without the application of power: 


(a) Dynamic braking using direct current presents 
no complications for such an application. 


(b) Plugging can be used with some limitations. 
A friction type of plugging switch cannot be used, 
because manual rotation of the motor will cause the 
plugging switch to energize the control and apply 
power to the motor (unless a special control is de- 
signed to prevent this). A centrifugal type of 
plugging switch can be applied if the speed when 
rotated manually is below the minimum point at 
which the switch will close its contacts. 


(c) Dynamic braking using capacitors would be 
applicable and may possibly deserve consideration. 
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plication generally should include the 
following: 

1. Magnitude and power factor of the 
load, both maximum and average. 


2. Character of the load; 
variable? 


constant or 


8. Statement of power rate. 


4. Is metering on high or low side of step- 
down transformers? 


5. Are the feeders within the plant of 
ample capacity or are some overloaded? 


6. Rating of the transformers. Are they 
owned by the utility company or by the 
industrial company? 


7. Will an indoor or outdoor capacitor 
equipment be more satisfactory? 


8. Voltage of circuit (normal and maxi- 
‘mum). 

9. Is any additional load being considered? 
10. What are the atmospheric conditions 
at proposed capacitor location? Are they 


normal or are dust, corrosive fumes, and so 
forth, present? 


11. What is the maximum ambient tem- 
perature? 


Standard Types Available 


It might be well to discuss briefly the 
various types of capacitor equipments 
available for industrial applications. 
There are four general types for use as 
follows: 


1. The enclosed dust-tight capacitor unit 
for connection to individual motors or small 
groups of motors rated 230, 460, or 575 
volts. These may also be combined in 
racks to make up a dust-tight equipment. 


2. The small rack capacitor for indoor 
installation, for use at 230, 460, 575, 2,300, 
4,000, and 4,600 volts, at one or several 
points in a plant. This design fulfills 
practically all industrial-plant requirements 
and affords maximum economy with refer- 
ence to reduction of line loss. 


3. The pole-type outdoor capacitor, corre- 
sponding to the indoor small rack for 2,300, 
4,000, and 4,600 volts. This can be either 
mounted on a pole or bolted to a founda- 
tion. 


4. The large rack equipment for either 
indoor or outdoor installation, for improving 
power factor of a large block of power at 
one point, on circuits of from 230 to 6,900 
volts. 


There have been a few installations of 
automatically controlled capacitors to 
maintain approximately constant power 
factor, reactive kilovolt-amperes, or cur- 
rent of some predetermined value. These 
depend upon some form of master relay 
which opens or closes oil circuit breakers 
or contactors controlling several blocks 
of capacity. The advantage is that a 
higher average value can be held without 
going too far leading at light loads. 
Whether such an equipment will prove 
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economical depends, as usual, upon the 
power contract. 

The foregoing covers the types avail- 
able. Now how should they be applied? 

The manner in which the problem is 
approached to meet conditions imposed 
by various classes of rates may be il- 
lustrated best by a few typical examples 
from various parts of the country. 


Calculations 


CASE I 


The power contract contains the fol- 
lowing rates and provisions: 


Rate: (per month) 
Demand charge: 


$1.25 net, per kilowatt of maximum 
demand for the first 500 kilowatts of 
demand 
$1.00 net, per kilowatt of maximum 
demand for all over 500 kilowatts of 
demand 
plus 


Energy charge: 
1.5¢ net, per kilowatt-hour for the first 
10,000 kilowatt-hours 
0.9¢ net, per kilowatt-hour for all over 
10,000 kilowatt-hours 
Minimum charge: 
The demand charge. 
Special provision: 


(a) When customer’s power factor is 
less than 80 per cent or more than 90 per 
cent, the billing demand shall be increased 
or decreased in the ratio that 85 per cent 
bears to the actual power factor. The 
power factor shall be determined monthly 
by computation from the registration of 
active and reactive watt-hour meters. 


In this case power was supplied at 
6,900 volts, 3 phase, 60 cycles. There 
was ample transformer capacity and 
none of the 230-volt feeders was over- 
loaded. Therefore only primary capaci- 
tors were considered, for installation in 
the main switch-board room. 
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Four 100-kva and one 60-kva 
3-phase 60-cycle 460-volt indoor small rack 
capacitors 


Figure 1. 


The power bills for one year were used 


as a basis for calculations. A typical 
month showed the following: 
Actual demand.......... 1,056 kw 
Powettactors.. aan see 60 per cent 
Reactive kilovolt-ampere 

hours2s. ee eee 277,600 
Kalowatt-hours. eee 208,800 


All figures were based on a rack large 
enough for 540 kva, but containing vari- 
ous numbers of units as an initial in- 
stallation, starting with 495 kva. Indi- 
cations were that additional capacity 
would be required in the future. 

The 495-kva equipment would have to 
operate during the month in question 
only 560 hours to average 100 per cent 
power factor, but let us say 625 hours. 
The billed demand would be 85 per cent 
of 1,056 or 898. The loss on this equip- 
ment would not exceed 1.65 kw but say 
2 kw which would increase the demand 
to 900 or a net saving in demand of 156 
kw. This at $1.00 per kilowatt amounts 
to $156 saving in demand charge. 

The loss of 1.65 kw for 625 hours at 
9 mils amounts to $9.30 or say a net 
saving in the power bill for the month 
of $146. 

Each month was figured similarly and 
the total annual saving on the power bill 
amounted to $1,804. The equipment 
had a first cost of $5,667 and an installed 
cost of $6,060. Carrying charges may 
be taken as nine per cent of $5,667 or 
$510. (Interest is omitted since the 
purpose of the calculation is to determine 
the return on the investment.) The net 
annual saving is then $1,294 or a return 
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Other sizes were figured and the result 
was the recommendation of a 540-kva 
rack containing 360 kva in units. This 
showed a return 27.8 per cent on an in- 
vestment of $4,700. 

POE course if a 360-kva rack could 
have been used, the initial cost would have 
been lower and the return would have 
been greater. 


ASE II 


p 
The power rates in this case were as 
follows: 


) -Demand—First 100 kva.... .$3.00 per kilo- 
a volt-ampere 
All in excess. ..... $1.50 per kilo- 
volt-ampere 
Energy—First 200 hours 
use of kilowatt 
demand per 


OWEN A Seren. <2 $0.007 per kilo- 
watt-hour 

All over 200 

OUES eis tae fate $0.005 per kilo- 
watt-hour 


As the kilovolt-amperes would never 
be reduced below 100, all savings were at 
$1.50. 

Power was supplied at 13,200 volts 
and stepped down to 480 volts. As this 
was a grain mill, dust-tight equipment 
was required. From billing data for 
the year 1936 it was found that the 
average was 611 kva demand, 455 kw, 


3-phase 


Figure 2. Forty-kva 4,000-volt 
60-cycle pole-type capacitor 


SEPTEMBER 1938, VoL. 57 


74.5 per cent power factor, and 408 kva 
lagging reactive. 

As the corrective kilovolt-amperes of 
a capacitor varies as the square of the 
voltage, a 210-kva 460-volt equipment 
will provide 229 kva leading. This 
reduces the reactive to 179 and kilovolt- 
amperes to 489, or a saving of 122 kva 
per month. For 12 months at $1.50 
per kilovolt-ampere, the saving in de- 
mand is $2,196. The loss on this equip- 
ment would not exceed 0.76 kw which 
for 16 hours per day and 300 days per 
year at $0.005 per kilowatt-hour would 
amount to $18.24 per year. The net 
saving on the power bill would therefore 
be $2,177.76 per year. 

A 210-kva 460-volt dust-tight capaci- 
tor equipment had a first cost of $2,103 
and estimated installed cost of $2,313. 
Carrying charges were taken at nine per 
cent or $208 so that the net annual saving 
would be $1,970 which represents a re- 
turn of 85.1 per cent on the investment 
of $2,313. 

Other sizes were calculated similarly 
with the results shown in table I. 

While the 180-kva equipment shows a 
greater per cent return, the extra invest- 
ment for the 210 kva would be paid for 
in two years. The same might be said 
for the 240 kva over the 210-kva equip- 
ment, but it was found that the 240-kva 
equipment would correct the power 
factor to 99 per cent at time of maximum 
demand for some months, which would 
mean leading power factor on average 
loads. The 210-kva equipment was 
therefore installed. 


Case III 


While this case involves a rather small 
installation, it illustrates another form 
of power contract which may be of in- 
terest. 


Monthly Demand Demand Charge 


(Kilowatts) (Dollars) 
First NO Oregs ee aan ow ipl. 00 
Next 15d. et eles veoh abo per kilowatt 
Next Dire Svea hateie ers aidvete 2.00 per kilowatt 
Next tee Rare Tae ae 1.50 per kilowatt 
Next LSOD Sire eae oe ons owiehe 1.25 per kilowatt 
Next DS OS a sand Fuslouere, ore 1.00 per kilowatt 


EU Mew rig oe: 0, 0) 0 i ee 0.90 per kilowatt 


Energy Charge 
(Cents per Kilowatt-hour) 


Monthly Use 
(Kilowatt-hours) 


First MN ere ee le ate atthe As eat 
Next AE BOG wet ashe ey iats sharin cro k): 
Next IM) oy caer aah 3 Sit cooled 
Next BOO son fete tab eet snere a ul) 
Next 90 O00) vies cute oe eres te 0,50 
Next BOO OOO dacctaratee see eorOneD 
All over 500/000.........2060002 0+. 00:65 


Special Provisions. The service supplied by 
the company shall be taken by the consumer 
whenever possible at an average power 
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factor of not less than 70 per cent lagging. 
If the service is taken at an average power 
factor of less than 70 per cent lagging, then 


' the demand for billing purposes, in lieu of 


the measured demand, shall be taken as the 
product of the measured demand and the 
quotient resulting from dividing 70 per cent 
by the actual average lagging power factor 
expressed in per cent. If the service is 


Figure 3. Three hundred-kva 460-volt 3- 
phase 60-cycle large rack capacitor 


taken at an average power factor of more 
than 85 per cent lagging, then the demand 
for billing purposes, in lieu of the measured 
demand, shall be taken as the product of 
the measured demand and the quotient 
resulting from dividing 85 per cent by the 
actual average lagging power factor ex- 
pressed in per cent. 


The average power factor for the month 
shall be determined by computation from 
the registration of an active watt-hour meter 
and a reactive watt-hour meter. It shall be 
the quotient resulting from dividing the 
registration of the active watt-hour meter 
by the square root of the sum of the square 
of the registration of the active watt-hour 
meter and the square of the registration of 
the reactive watt-hour meter. 


As there was a detent or ratchet on the 
reactive watt-hour meter, nothing could 
be gained by operating at leading power 
factor during light-load periods. 

In this case the primary voltage was 


Table | 
Capaci- Cor- Per Cent 
tor rected In- Net Return 
Rating Power First stalled Annual on In- 
(Kya) Factor Cost Cost Saving vestment 
150....90 ..$1,548...$1,703...$1,526....89.5 
ASO AOL Bi 7see 2o000Ks L800. 29010 
POM aoa eee ee lOSne Loko 1,001) SoNe 
940). Obie 2.468... 2709%.. 2,147 27910 
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4,000 and plant voltage 230. As several 
circuits were rather badly overloaded, 


secondary capacitors, distributed over 


some of the branch circuits, presented 
definite advantages over an installation 
on the primary side. Furthermore, con- 
ditions were such that a primary capaci- 


with the ‘‘detent’’ on the meter the re- 
sult is the same as unity power factor. 
By checking the active and reactive 
meters carefully and obtaining a record 
of demands, it was found that during 
working hours, the load never dropped 
below 35 kw at 55 per cent power-factor 


Table Il 
Kilowatt- Reactive Demand Power Demand Penalty 
Month hours Kilowatt-hours Read Factor Billed @ $1.25 
AGP UISE ie eis, oh tisetetsvehase eel ere 25, 200s crverts SS 20 Olan mitre UDA FT havevarctars Bhar tiriecs LOS) eyesnciets $43.00 
Septenibers auermue csecie D3°O40 aera: Hor elWan Gho0 36 LAN, Sa geeteys BBixaieineins WAN carrie: itaen TAs) 
Octoberwen dace siesta 2D B40 crete cea BLO scuehee 120 crocten ah (Hea cute 140. aerate 35.00 
INovempbermmacenniterc nisi © DTZSO0m ern DOWU2O0 is. creo LS Givens ores BO seo chars LG Lewes 31.25 


tor would have to be installed outdoors, 
adding to its cost. 

Billing for only four months was avail- 
able, on which to base calculations, but 
results have indicated the assumptions 
to be correct. These were as shown in 
table II. 

The plant was operating 16 hours per 
day and 5 days per week with the follow- 
ing results: 


Corrective Kilovolt- 
amperes Required 


Average For 72 For 87 

Average Reactive Per Cent Per Cent 

Kilo- Kilovolt- Power Power 

Month watts amperes’ Factor Factor 
August...... MLD tte LOS Oians yc LO shale: ses. 68.0 
September ..71.3'....106 ..... BAO nT wari 66.0 
October..... 67.0s2000 08 © ae SEO wees 60.0 
November ..60.5.... 82.8.....25.0......49.0 


The values of 72 per cent and 87 per 
cent were taken rather than 70 per cent 
and 85 per cent to allow some margin 
for changes in conditions. The first 
value is necessary to avoid the penalty 
and the second is required if a bonus is 
to be earned. 

It is evident that a 40-kva capacitor 
will correct each month to 70 per cent or 
better. What will be its effect in Novem- 
ber? 

Forty kva for 22 days and 16 hours 
per day or 14,100 reactive kilovolt- 
ampere-hours leading. This leaves a 
net of 15,020 reactive kilovolt-ampere- 
hours lagging which combined with 21,- 
280 results in an average power factor of 
82 per cent; not sufficiently high to earn 
the bonus. 

To determine the effect of a 70-kva 
eqttipment, consideration must be given 
to the fact that for a few hours each day, 
the power factor may be leading, and 
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or 53 reactive kilovolt-amperes. From 
demand-meter records for the four 
months it was found the power factor 
with a 70-kva equipment would be lead- 
ing for one hour per day in August and 
September, two hours in October, and 
three hours in November and it was as- 
sumed the leading kilovolt-amperes would 
be 70 minus 53 or 17 kva. Therefore, 
the effect would be as follows for August: 


70 X 22 X 16 


= 24,640 reactive kva 
INE DR OPH Oe 1 


—380 


24,260 reactive kva 
38,200 reactive kva 
— 24,260 


13,940 reactive kva 


_R_ _ 13,940 
KW ~ 25,200 


= 0.554 


or 87.5 per cent power 
factor 


Similar calculations for the other 


months gave these results: 


September 88.5 per cent 
October 91.5 per cent 
November 96.5 per cent 


The effect of the 40-kva equipment 
would be to avoid the penalty or a saving 
of $153 for four months or approximately 
$459 per year. 

This equipment consisting of 8 5-kva 
230-volt enclosed units with hangers 
and with fuses and dischargers would 
have a first cost of $728 and installed 
cost of $800. The net annual saving 
with nine per cent carrying charge would 
be $393 representing a return of 49.1 per 
cent on the investment of $800. 

With the 70-kva equipment the penalty 


would be avoided and bonus earned each s 


month. For example in August, the 
billed demand would be 


85 
124 X 875 7 121 
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or a saving of 37 kw over the demand as 
actually billed (158 kw). For September 
this would be 41 kw, October 36 kw, 
November 41 kw, at $1.25 per kilowatt 
these total $193.75 or approximately 
$581.25 per year. 

A total of 14 5-kva 230-volt enclosed 
units had a first cost of $1,274 and in- 
stalled cost of $1,400. The net annual 
saving with nine per cent carrying 
charge would be $466 or a return of 33.4 
per cent on the investment of $1,400. 

Because of the greater return from the 
40-kva equipment and the fact that con- 
ditions were somewhat uncertain, this 
equipment was recommended with the 
suggestion that a further study be made 
at a later date, with the possibility of 
installing additional units. 


Protection 


The problem of protecting capacitors 
and lines is similar to that on any electric 


Figure 4. Two hundred forty-kva 4,600- 
volt 3-phase 60-cycle indoor large rack 
capacitor 


system involving a relatively large num- 
ber of pieces of apparatus fed from a 
common source. In rack and pole-type 
equipments the entire group of units is 
fed through one circuit-interrupting de- 
vice, which is generally set to trip at 
twice normal line current. Therefore, 
many times normal current of an in- 
dividual unit could flow into a fault within 
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he unit without opening the line circuit 
| breaker. Individual fuses, however, will 
limit the amount of energy dissipated 
within a capacitor unit case by quickly 
clearing the fault and without interrupt- 
ing power supply to the remainder of the 
equipment. 
_ When a capacitor is disconnected from 
the line, electrical energy remains stored 
within the unit. All types of equipment 
must therefore be provided with means 
for draining the energy after the circuit 
has been opened. A discharge device 
should always be provided by the manu- 
facturers as part of standard equipment. 

A circuit-interrupting device of some 
form should in general, be used with 
capacitors to serve as a main switch as 
well as to provide overcurrent protection. 
As standard capacitors are designed for a 
permissible working voltage approxi- 
mately 15 per cent in excess of rated 
voltage, and to provide for extra current 
due to possible harmonics, the main 
switch should have a capacity of at least 
35 per cent over rated current of the 
capacitor. 

In some cases, on 230-volt circuits, 
economies may be effected by using 460- 
volt capacitors and autotransformers, 
because of the lower cost per kilovolt- 
ampere of 460-volt capacitors. Since 
the capacitor is capable of handling a 
maximum of 135 per cent of normal 
kilovolt-amperes, the transformer output 
rating should be selected accordingly. 

The possible short-circuit current at 
the installation should, of course, be con- 
sidered when selecting the interrupting 
device. The circuit breaker selected 
must be able successfully to clear the 
maximum short circuit that may occur 
at that point. 

Indoor installations of capacitors or- 
dinarily do not require special considera- 
tion in regard to lightning protection. 
If the secondary circuit to the consumer 
presents any appreciable exposure the 
lightning arrester ordinarily installed to 
protect the consumer’s apparatus will 
provide sufficient protection for the 
capacitors. 

Outdoor capacitors should be protected 
by distribution-type lightning arresters, 
except where existing lightning arresters 
on the circuit are sufficiently close to the 
point of installation to provide protection. 


Effects of Low Power Factor 


The question of point of application of 
the capacitor is usually one of economics. 
The greatest benefit, from the electrical 
standpoint, can be derived from capaci- 
tors connected directly at the motor 
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terminals, since they reduce power losses 
in all lines and transformers between the 
power source and the motor. However, 
such capacitors usually have a higher 
cost per kilovolt-ampere than equipment 
installed in larger blocks at the bus or on 
the primary feeder. The higher cost of 
low-voltage units must be weighed 
against the cost of a primary equipment 
plus additional copper for the low-voltage 
feeders, if some of these are overloaded 


Figure 5. Three hundred-kva 
3-phase 60-cycle outdoor large rack capacitor 


4,000-volt 


or voltage drops are excessive. Also 
improvement in voltage obtained by 
capacitors on the low-voltage transformer 
secondaries, may warrant the higher 
first cost of a low-voltage installation. 

It is often found that no more load can 
be added to a circuit because the watt- 
less current has overloaded the system. 
By improving power factor, more load 
can be added at a lower over-all cost 
than would be incurred by installing 
more copper or additional circuits. 

Low-power-factor conditions in a plant 
produce low voltage and excessive dips 
upon overloads and peaks. Starting 
and running torques of motors are re- 
duced in proportion to the square of the 
voltage. Motors start slowly or not at 
all and may be stopped on voltage dips 
through action of the undervoltage de- 
vice. The slip of induction motors is 
greater at reduced voltage, hence pro- 
duction suffers. 

Of course, if the transformer bank is 
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overloaded low-voltage capacitors will 
easily prove themselves out in comparison 
with additional transformer capacity. 

A point which is sometimes overlooked 
or misunderstood when considering the 
effect of capacitors on an industrial load, 
is the fact that although the power factor 
of a motor is higher at full load than at 
part loads, the reactive kilovolt-amperes 
are also higher. Therefore to raise the 
power factor to unity requires slightly 
greater corrective kilovolt-amperes at 
full load than at part load. For example 
the full-load power-factor of a 10-horse- 
power 1,800-rpm squirrel-cage motor is 
89 per cent and the lagging reactive 
kilovolt-amperes is 4.5 At half-load the 
power factor of this motor is 75 per cent 
and the lagging reactive kilovolt-am- 
peres 3.9. 

The thought is quite frequently ex- 
pressed that, to meet certain conditions, 
capacitors should be installed on a motor 
to reduce starting current. When con- 
sideration is given to the fact that the 
full-voltage starting current of a normal- 
torque low-starting-current squirrel-cage 
motor is 41/2 or 51/, times normal and its 
power factor at start may be 40 per cent 
or lower, it is readily seen that an un- 
reasonable amount of capacity is re- 
quired. 

If starting current is important, the 
wound-rotor motor offers a better solu- 
tion to the problem. 

If power is generated instead of pur- 
chased, it may be necessary to improve 
power factor to relieve overloaded feeders 
or an overloaded generator. Most gen- 
erators are rated on the basis of 80 per 
cent power factor. Therefore, unless the 
prime mover is oversize, there is little 
to be gained by raising the power factor 
above 80 per cent. For example, if a 
500-kw 625-kva 80-per cent-power-factor 
generator is actually carrying 450 kw at 
60 per cent power factor or 750 kva, and 
if the prime mover is capable of driving 
the generator with a 550-kw load a capaci- 
tor may at first be installed simply to 
bring the current within the rating of 
625 kva. This would take 170 kva. 
Later, to provide for expansion extra 
units may be installed. 

Assuming the additional load would 
also be at 60 per cent power factor, it 
would require 280 kva additional to re- 
duce the total kilovolt-amperes to 625 
with a 550-kw load. The corrected 
power factor would be 88 per cent. 
Whether the industrial company pur- 
chases or generates its power, a power- 
factor study is warranted because savings 
may be possible which may far exceed the 
cost of corrective capacity required. 
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Multiple Lightning Strokes — Il 


By K. B. McEACHRON 


FELLOW AIEE 


HE multiple stroke has been defined 
Ta a succession of discharges in sub- 
stantially the same path, either between 
clouds or between cloud and ground. 
Multiple strokes are of considerable in- 
terest to the engineer, because of the 
possible effects of successive application 
of impulses to equipment with a very 
small cooling or resting period interposed. 
The author has undertaken studies of 
natural lightning in three different loca- 
tions with three somewhat different 
methods, one of the objects being in each 
case the determination of characteristics 
of multiple strokes. One of these inves- 
tigations is a detailed study of lightning 
strokes to the Empire State Building in 
New York, another in Pittsfield, Mass., 
employs photographic methods making 
use of an observatory erected for the es- 
pecial purpose of studying lightning, and 
the third is an investigation of multiple 
strokes to transmission lines as measured 
by the use of the especially designed 
crater lamp oscillograph installed and 
operated in co-operation with the Ameri- 
can Gas and Electric Company at Roa- 
noke, Va. 

These three investigations have all 
been in operation for three or more light- 
ning seasons, but because of the large 
amount of data obtained from the other 
investigations, it will be necessary to con- 
fine the present paper to the results ob- 
tained in Roanoke, although naturally 
the results from the other investigations 
will influence the point of view. 

Photographs showing the multiple 
character of some strokes of lightning 
have long been in existence, but it seemed 
to be important to find out how many of 
these effectively applied successive im- 
pulses to electrical apparatus connected 
to transmission lines. Fortunately, the 
application of the expulsion protector 
tubes supplied a means of determining, 
through the use of magnetic oscillograph 
elements arranged to record fault cur- 
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rents to ground, some of the successive 
discharges of a multiple stroke, since the 
protector tube allows but one-half cycle 
of power current to flow following each 
impulse. Of course such a method does 
not indicate the presence of more than 
one discharge in any one-half cycle, and 
from photographs of strokes it is known 
that successive discharges may be as 
close together as a few hundred micro- 
seconds. Recognizing this situation, dur- 
ing one lightning season a circuit was set 
up with a capacitance coupling to the 
transmission line, in such a manner that 
it was hoped to superimpose any during- 
half-cycle impulses, but none were found. 
This does not indicate that they were not 


Analysis of Results 


In analyzing the 295 records obtained 
in Roanoke, judgment must be exercised 
because a flow of current on either of the 
two lines being studied will draw current 
from the other, since they are bussed to- 
gether at Roanoke. This is illustrated 
in the typical oscillogram of figure 1, 
where the stroke was to the Glenlyn line. 
It was assumed, however, that simultane- 
ous strokes to the same phase conductors 
did not occur on the Glenlyn and the Dan- 
ville lines. While such an occurrence is 
possible, it is too unlikely to be given 
weight. 

Obviously, the operating data of the 
two lines were studied carefully, and cir- 
cuit breaker operations correlated with 
the crater-lamp-oscillograph records. The 
PM-13 oscillograph at Glenlyn recorded 
the fault currents flowing in both of the 
Glenlyn circuits, and the records were 
studied with engineers of the American 
Gas and Electric Company. The PM-13 
records were particularly helpful in study- 


Table 1. Occurrence of Strokes 

Number of Storms Giving 

Multiple Strokes Single Multiple Single 

Total Single Strokes Strokes and 

Year Strokes Discharges Number Per Cent Discharges Only Only Multiple 
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present, rather that the system used was 
not able to record them, and if they are 
to be recorded other methods will have 
to be used. It will be readily understood 
that on a line not equipped with expul- 
sion tubes the continuous flow of fault 
current obscures the effect of successive 
lightning discharges. 

The crater lamp oscillograph! was in- 
stalled in Roanoke early in 1934, and con- 
nected to read fault current to ground in 
each of the three phase conductors of the 
number 1 circuit of the double-circuit 
138-kv Roanoke-Glenlyn line,? and the 
fault current in phases 1 and 2 of the 
Roanoke-Danville line. The sixth vibra- 
tor was used to record the potential to 
ground of phase 1 of the Danville line. 
The results obtained during the first year 
of operation of the oscillograph were re- 
ported to the Institute in December 
1934.° The present paper will present 
the results of four lightning seasons he- 
ginning with 1934. 
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ing the performance of the number 2 
circuit of the Glenlyn line, which was on 
the same steel towers but which was not 
equipped with protector tubes. Oscillo- 
graph records which did not cause power 
follow current through protector tubes 
were neglected as being too uncer- 
tain. If included, these would add to 
the number of single-stroke records ob- 
tained. 

Although some data from the Carolina 
Power and Light Company were included 
in the 1934 paper by the author, the data 
in the present paper are confined to the 
lines of the American Gas and Electric 
Company. 


Frequency of Occurrence 


A total of 184 strokes was recorded 
by the crater lamp oscillograph, of which 
52 are known to be multiple. Out of 69 
storm days, 39 yielded 73 single strokes; 
24 days gave 59 single and 42 multiple 
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Figure 1. Crater lamp oscillogram showing 

operations of expulsion protective gaps on 

successive lightning discharges to the Roanoke- 
Glenlyn line 


strokes; and on 6 days only, 10 mul- 
tiple strokes were recorded with no single 
strokes. These data seem to indicate 
that certain storms produce few if any 
multiple strokes, and other storms seem 
to have on the average about an equal 
number of single and multiple strokes. 

In view of the New York investigation, 
it does not appear strange to find some 
degree of similarity between strokes in 
the same storm as to general character- 
istics. Cloud formation is probably re- 
sponsible for the different characteristics 
of lightning when one stroke is compared 
to another, and it is probable that the 
controlling conditions lie in the cloud it- 
self. There is evidence to indicate that 
the same cloud center will tend to con- 
tinue to produce the same type of dis- 
charge, at least while discharging to ob- 
jects within a limited area. 

When considering the data presented 
in this paper, it is recognized that great 
accuracy is not possible, since a certain 
number of single strokes are not recorded 
which did not cause tube follow current 
and multiple strokes with time intervals 
less than one-half cycle are not identified. 
In table I the data obtained are given by 
years. 

The importance of the multiple stroke 
is realized when it is considered that of 
the discharges recorded, 176 or 57 per 
cent of the total discharges were multiple, 
or putting it another way, 28 per cent of 
all the strokes produced 57 per cent of the 
discharges. 

A brief comparison with the results 
from Pittsfield, using a multi-lens moving- 
film camera will be of interest. During 
the years 1935, 1936, and 1937 a total of 73 
storm days were recorded. Two hundred 
thirty-two strokes were photographed, 
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of which 55, or 23.7 per cent, were multi- 
ple. This percentage is lower than the 
true number, since the photography be- 
comes poor at distances of several miles 
under weather conditions often existing. 
The check, however, with the Roanoke 
data is quite good, indicating that roughly 
one-fourth of the strokes over a period of 
years consist of more than one discharge. 


Multiple Stroke Data 


A summary of the data obtained is 
given in figure 2, where each multiple 
stroke is plotted against its time duration 
in cycles (60 cycles). The maximum time 
duration is still as it was reported in 1934, 
namely, 40 cycles. Although, if enough 
data were available, a somewhat longer 
time might be found, yet other work not 
yet published indicated that the probable 
maximum time will not much exceed one 
second. When examining these data, it 
should be realized that there are many 
multiple discharges which will not have 
sufficient magnitude to cause a second 
tube operation, and thus would not get 
in the record. Thus data, on multiple 
strokes close by, obtained by photo- 
graphic means, may differ somewhat from 
that obtained from an investigation of 
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this sort even of the same strokes. There 
is also another point of departure, in 
that another stroke could occur to the 
ground wire within a second of time at 
other points and the oscillograph could 
not identify them as being of the same 
multiple discharge. This possibility, 
based on other observations, can be dis- 
missed as being highly improbable in any 
appreciable number of cases. 


Time Interval and Number 
of Successive Discharges 


The time interval between successive 
discharges is important, since it has to do 
with the rest period afforded insulation, 
whether air or solid before being re- 
stressed. In figure 3 the data of figure 2 
have been replotted to show the time in- 
tervals and the frequency of their occur- 
rence per 100 discharges. The longest 
time was 26 cycles between discharges, 
while the shortest time will of course be 
zero cycles when current flows in two 
succeeding half cycles. The maximum 
time recorded is of considerable interest 
from the point of view of deionizing time 
of the air under lightning conditions. 

In Pittsfield, the longest time between 
successive strokes was 0.44 second, which 
is slightly over 26 cycles. It might be 
argued that in the case of the crater- 
lamp-oscillograph data, a second stroke 
caused the record at the 26 cycle point, 
but the Pittsfield photographs show dis- 
charges in substantially the same path 
0.44 second later, so it appears that a 
time as long as 26 cycles is possible. 

Concerning the minimum time, nine 
per cent of the discharges occurred with a 
time interval of one cycle. Lacking 
means for determining shorter times, in 
this particular investigation no conclusion 
can be drawn. However, in the Pitts- 
field investigation, times shorter than 
0.0005 second were measured between dis- 
charges. 

The number of successive discharges 
as shown in figure 4 vary up to 12 asa 
maximum. Sixteen per cent of all the 
strokes and 61 per cent of the multiple 
strokes consisted of at least 3 discharges, 
while 4 per cent of all strokes and 15 per 
cent of the multiple strokes had at least 
5 discharges. 

One might suppose that in general the 
largest number of discharges would go 
with the greatest stroke duration, and 
this is true in a very general way, but 
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the data show serious exceptions since one 
40-cycle stroke had 12 discharges and a 
39-cycle stroke had 3, while a 6-cycle 
stroke had 4 discharges. 


Discussion and Conclusions 


This investigation indicates clearly 
that multiple strokes do take place to 
transmission line conductors and must be 
considered in any protection setup. 
Protective devices designed to protect 
apparatus from the effects of lightning 
should not include mechanical motions 
which take time for restoring to normal 
condition if proper protection is to be 
maintained. 

In the four-year investigation, 308 dis- 
charges were recorded from 184 strokes. 
Fifty-two multiple strokes yielded 176 
discharges. Approximately 25 per cent 
of all strokes were multiple. The larg- 
est number of successive discharges was 
12. The longest time between the first 
and last discharge was 0.66 second or 40 
cycles, while the shortest time is not 
indicated from this investigation. Other 


NUMBER OF INTERVALS OF DURATION AS 
INDICATED IN ABSCISSA FOR 100 DISCHARGES 


NUMBER OF CYCLES (60 CYCLES PER SECOND) 


Figure 3. Time intervals between discharges 
in multiple lightning strokes 


work shows a time as short as 0.0005 
second. 

As to the characteristics of the succes- 
sive discharges with regard to the initial 
discharge, little information is given, ex- 
cept that a study of the data seem to in- 
dicate more current is associated with 
the multiple stroke discharges than in 
general occurs with strokes having but a 
single discharge. There is also some 
tendency for the first discharge of a series 
to pass more current than the succeeding 
discharges. These observations are de- 
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duced from a study of the number of © 


phases involved with the different dis- 
charges. 

There appears to be a definite tendency 
for some storms to produce more multiple 
strokes than others. In fact as far as the 
records of strokes to the transmission line 
are concerned, more than half of the 
storms did not produce multiple strokes. 
This is probably related to the cloud 


successive discharges is probably pes- 
simistic for low-voltage circuits where the 
apparatus strength may be low compared 
to the insulation strength of the line. 

In thinking about the effects of multiple 
strokes upon connected apparatus, it 
should be remembered when the stroke 
takes place some distance from the sta- 
tion, assuming a line without overhead 
ground wire protection, and a line flash- 


Figure 4. Number 
of successive dis- 


AS INDICATED IN ABSCISSA 


charges in multiple 
lightning strokes 


PER CENT OF STROKES HAVING AT 
LEAST AS MANY SUCCESSIVE DISCHARGES 


structure and the disposition of charges 
within it. 

In general, the multiple strokes which 
occupy the greatest time between the 
first and last discharges will have the 
greatest number of discharges, although 
this is not always true. The methods 
used could not distinguish between dis- 
charges occurring during a half cycle of 
protector tube follow current. 

The great majority of the follow cur- 
rents measured were positive in polarity 
indicating a negative direct stroke. This 
is in agreement with the work of Lewis 
and Foust,4 who found that of 358 strokes 
recorded during the years 1934, 1935, and 
1936 through tower legs of transmission 
lines, approximately 95 per cent were 
negative. Since the succeeding strokes 
did not show a polarity of follow current 
particularly different from the first dis- 
charge of the series, there seems to be no 
evidence which indicates a reversal of 
polarity as between the first and succeed- 
ing discharges, rather such evidence as 
there is indicates that the polarity of most 
discharges was probably negative. 

On a line with a lower insulation level, 
the number of successive discharges 
measured in a given stroke would be 
greater assuming that some of the dis- 
charges did not have enough current in 
the discharge to raise the potential of the 
higher-insulated line to a point where 
flashover would occur. This indicates 
that the results given as to the number of 
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over occurs, only the first impulse of the 
series will be transmitted along the line 
unaffected by the tower footing resistance 
of the flashed structure. Succeeding dis- 
charges in the stroke will develop poten- 
tials on the line dependent upon the JR 
drop through the tower footing resist- 
ance. 

Where overhead ground wires are used, 
and strokes do not contact the line con- 
ductors, the potential of the traveling 
wave, both for the first discharge and 
succeeding ones will be dependent upon 
both the footing resistance and the cur- 
rent in the various discharges. Under 
these conditions, many low-current dis- 
charges which are observed upon moving- 
film photographs of direct strokes would 
not be of serious consequence with ref- 
erence to connected apparatus. It is 
at this point that the investigation is prob- 
ably of greatest value, in that it indi- 
cates the number of successive discharges 
which had sufficient magnitude to cause 
operation of the protector tube. 
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By C. W. LaPIERRE 


ss ASSOCIATE AIEE 


HE PROCESS of weaving consists of 
interlacing spun threads at right an- 
gles on a loom, figure 1. In the woven 
material thus formed, of which cotton 
cloth is a very common example, the 
lengthwise threads are designated as the 
“warp” and the crosswise or filling 
threads are designated as the ‘‘weft,”’ 
figure 2. 
As woven, the weft threads of fabrics 


are substantially at right angles to the 


warp threads. Numerous subsequent 
finishing processes involve rehandling the 
wet material in rope form. When finally 
stretched and dried, much of the cloth 
will not have weft and warp threads at 
right angles in spite of inspection and 
manual means for mitigating this defect. 
This skewed goods tends to change shape 
with use so that fit or hang or design does 
not hold up to the purchaser’s expecta- 
tions. 

This paper describes a successful auto- 
matic means, for squaring up the goods 
in the final drying and stretching process, 
thus making it possible to raise materially 
the textile finishing standards in this 
respect. 

The size of the threads and the number 
used per unit area varies widely. Like- 
wise grouping, and arrangement of 
threads to form patterns are subject to 
wide variations. In general, however, 
it may be said thread diameters range 
from 0.005 inch in fine shirting to 0.050 
inch in heavy duck. Also, thread counts 
as low as 20 per inch are used in open- 
weave marquisettes while in fine shirting 
as high as 100 per inch are frequently 
found. Still others use as high as 136 
warp threads with 60 weft threads. Cloth 
is produced in a great variety of widths, 
ranging from 30 to 108 inches and many 
hundreds of feet in length. 

Cloth as it comes from the loom is 
strong and serviceable and a limited 
amount of it is used as “gray goods’; 
another name for ‘unbleached cotton 
cloth,” but most of it, some 90-odd per 
cent of it, is “bleached” to give it that 
fine white well-known appearance. The 
bleaching operation involves much rough 
handling; treatment with chemicals, 
subsequent washing, and in most cases 
starch is added to improve its appearance. 
Cheaper grades are also filled with talc 
or white clay. 

In the process of finishing, the cloth 
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must be transported from one vat to 
another which may be a thousand feet or 
more away. Transportation is usually 
effected by pulling the cloth in rope 
form from one vat to another, often over 
a circuitous route guided through large 
porcelain rings or ‘“‘pot eyes,” figure 3. 
This is harsh treatment as far as the 
structure of the cloth is concerned and 
it results in considerable distortion of the 
weave from the right angular relationship 
of the warp and weft threads so ac- 
curately woven by the loom. 

Following the washing operation, the 
cloth is “beaten out’’ in a scutcher, to its 
original flat form, after which it passes 
through a starch mangle, figure 4, where 
the filling starch or clay is added and 
subsequently through drying apparatus 
to remove the wash water. The drying 
operation is accomplished with a com- 
bination of dry cans and tenter. 

Dry cans consist of a series of steam 
heated cylinders arranged so that the 
cloth will pass from one to another, in 
contact with about three quarters of the 
circumference of each, figure 4. The 
temperature of the cans and speed of the 
cloth is controlled so that when leaving 
it contains a definite prescribed amount 
of moisture. 

A tenter is a machine designed pri- 
marily to restore the cloth to its original 
width making due allowance for shrink- 
age, by exerting a suitable pull on the 
selvage edges at opposite ends of the 
weft threads, figure 5. Frequently 
tenters are enclosed in ovens and the 
sizing and drying operation combined 
either wholly or in part. 

In practice, depending on the type of 
cloth and the finish required, the cloth 
may be completely dried on a tenter, or 
stretched to the required size on a tenter 
and dried on cans or partly dried on a 
tenter and finished on cans; but regard- 
less of the system used, the weave dis- 
tortion or skew introduced in the previ- 
ous processes must be removed; e. g., 
the cloth must be ‘‘straightened’’ to 
make it salable. 

Cloth straightness may be defined as 
the perpendicular relationship between 
weft and warp threads, also deviations 
from straightness may be expressed as 
“skew.” It is very essential that cloth 
be straight, both in plain fabrics as well 
as those embodying woven patterns. 
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Similarly cloth should be straight before 
being printed, otherwise, the pattern will 
be distorted after the cloth is cut into 
small pieces, such as required for cur- 
tains or wearing apparel. 

The straightening operation should be 
performed on the cloth while it is moist as 
the fibers are then pliable and susceptible 
of proper positioning. Straightening is 
accomplished by moving the selvage on 
one side with respect to the other, an 
amount necessary to correct the dis- 
tortion. 

Several machines are now on the mar- 
ket for straightening cloth which perform 
with a fair degree of success. One of the 
more common is the ‘swing tenter’”’ in 
which an oscillating movement of one 
chain with respect to the other is intro- 
duced which tends to “spread” the 
skew over the entire area, thereby re- 
ducing the magnitude of the distortion 
in any particular area. Strictly speak- 
ing, this device could not be classified as 
a ‘straightener,’ but rather one to even 
out the peak skews to passable limits in 
cloth where true straightness is not re- 
quired, 

In the “canting roll’ type shown in 
figure 6, the cloth which has been pre- 
viously spread to its full width is passed 
over two or more rolls, the ends of the axes 
of which are made to approach or recede 
from each other, thereby slackening or 
stretching the selvage as may be nec- 
essary to introduce the required correc- 
tion. 

Still another type of straightener per- 
forms the straightening operation in the 
tenter by advancing or retarding one 
chain with respect to the other so that 
the perpendicular relationship is secured 
in the cloth as it leaves the tenter. Fig- 
ure 7 shows one way of accomplishing 
this. A differential gear is introduced in 
the main drive shaft by means of which 
the position of the left-hand chain may 
be advanced or retarded with respect to 
the right-hand chain by adding or sub- 
tracting revolutions to the main drive 
shaft. The differential is operated by a 
small motor, which is controlled in terms 
of cloth skew as observed at the leaving 
end of the tenter. 

With manual control of the motor, the 
operator must visualize the skew and 
manipulate the motor switch accordingly. 
Obviously, this procedure is subject to 
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Loom showing cloth in process of being woven 


WARP THREADS <4 __—CSELVAGE 


Typical woven material 


Figure 3. Transportation in rope form through “pot eye" guide 
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Figure 4. 


human limitations and restricted to rela- 
tively coarse weaves and low cloth speeds, 
hence the development of an automatic 
control became necessary to meet present 
day standards of finishing with high cloth 
speeds now employed. 


Automatic Control 


PRINCIPLES 


To automatically control the weft 
straighteners just described, a method of 
detecting skew is necessary. Figure 8 
illustrates the method of this paper; (a) 
represents weft threads of cloth of one 
direction of skew; (5) cloth having no 
skew; and (c) cloth having the other 
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“Dry cans” for drying cloth, with starch mangle at right 


direction of skew. Outlined on these 
weft threads are two convergent paths, 
A and B, each traversed in the direction 
indicated by spots of light. In figure 
8(a), light spot A crosses 15 weft threads 
and spot B nine weft threads; in figure 
8(b) each spot crosses 12 weft threads; 
and in figure 8(c) A crosses nine threads 
and B 15 threads. Thus, if weft threads 
can be made to intercept two spots of 
light in this manner, a comparison of the 
rates at which the two spots are inter- 
cepted will indicate the direction and 
magnitude of the angle of skew. 

In a practical case, convergent light 
spot paths can be obtained by moving the 
two light spots laterally as in figure 8(d). 


Figure 5. Tenter for restoring cloth to proper width 
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Figure 6A. Canting-roll type of straightener 


The cloth moving forward as the spots 
move inward will produce the required 
diagonal paths. 

To carry out such a principle two things 
are necessary; first, suitable scanning 
detectors which will give an impulse for 
each weft thread interception in the 
manner just described; and second, a 
control circuit which will compare the 
impulse rates from the two scanning 
detectors and operate the straightener 
motor when necessary to make the two 
detectors generate impulses at the same 
rate. 


SCANNING DETECTOR UNIT 


A device for accomplishing the first of 
these requirements is illustrated in 
figure 9. A pair of these, one near each 
edge of the cloth, comprise the complete 
scanning system of the weft-straighten- 
ing control. 

Each of these scanning units comprises 
six parts, namely: (1) a scanning optical 


Figure 7. Tenter differential straightener 
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Figure 6B. 


system; (2) scanning disk; (3) scanning 
table; (4) detector optical system; (5) 
amplifier; and (6) a good rigid framework 
to hold these parts together. 


SCANNING OPTICAL SYSTEM 


The scanning-unit optical system is 
shown in figure 10A and B. The straight 
filament of the lamp is focused on a slit 
which in turn is focused on the cloth 
be means of cylindrical lenses at the end 
of the optical system housing. The line 
of light so formed by these lenses is 
approximately 0.0035 inch by two inches. 

The final spot after passing through the 
scanning disk is 0.0035 inch by 0.063 inch. 
Its dimensions are determined by the 
maximum number of threads per inch 
and their size. Thus it must be thin 
enough to be completely intercepted by 
one weft thread. It must be wide enough 
to span a number of warp threads; 
otherwise, the warp threads will generate 


a frequency too. On the other hand, the 
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Canting-roll type of straightener 


spot cannot be too wide or at large angles 
of skew, the weft threads will cross the 
spot diagonally and not intercept it. 

These dimensions are important and 
are subject to precise calculation for any 
given set of conditions. 


SCANNING Disk 


The scanning disk is illustrated in 
figure 11. It is a simple circular dur- 
aluminum disk with 16 radial slots 1/15 
inch wide. The disk is driven at a speed 
proportional to the cloth speed by means 
of “‘Selsyns,” the transmitter of which is 
coupled to the main tenter drive. Thus, 
the lateral motion of the spot bears a 
constant relation to the forward motion 
of the cloth, or in other words, the angle 
of the path of the light spot is constant. 


SCANNING TABLE 


Due to the short focal length of the 
cylindrical lenses, it is necessary that the 
cloth be held flat at the focus of the light 


MOTION OF RESULTANT MOTION 
CLOTH OF LIGHT SPOTS 
ON CLOTH 
A B 
i ee | c= — em -— To 
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MOTION OF LIGHT SPOTS 


(d) 


Figure 8. Principles of skew detector 
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disk drive —) 


Figure 9. Scanning unit 


spot. This is accomplished by passing 
the cloth over a smooth flat table having 
a window over the light spot, figure 12. 
This table is mounted about !/, inch 
above the normal cloth level so the cloth 
is drawn smoothly taut across it. 


DETECTOR OPTICAL SYSTEM 


After passing through the cloth, the 
spot of light strikes a large spherical lens 
in the phototube amplifier housing where 
it is focused on a phototube, figure 13. 


PHOTOTUBE AMPLIFIER 


The interruption of the light by the 
weft threads causes impulses in the out- 
put of the phototube. These impulses 
are amplified by the phototube amplifier 
before the control transmission unit, 
figure 14, 

The frequency range of the amplifier is 
from approximately 200 to 12,000 cycles. 
The gain increases somewhat with fre- 
quency to compensate for circuit losses. 
The primary reason for locating an am- 
plifier in the phototube housing is to 
change the high-impedance phototube 
circuit into a low impedance output cir- 
cuit suitable for transmission to the con- 
trol unit. Otherwise, an amplifier at this 
point would have been avoided as exces- 
sive vibration is frequently encountered. 
This vibration has required careful con- 
sideration of the amplifier suspension. 
In the present device, practically com- 
plete freedom from vibration has been 
gained by flexibly hanging from the cover 
a heavy mass at the center of oscillation 
of which is suspended the amplifier 
chassis. 

The scanning units are frequently 
mounted on tenter frames close to drying 
ovens in which temperatures of 250 de- 
grees Fahrenheit may occur. While the 
temperature outside is much lower, the 
phototubes have a maximum allowable 
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temperature of 150 degrees Fahrenheit 


so in some cases it is necessary to cool © 


the phototube-amplifier housing. This 
is accomplished by passing cooling water 
through a few turns of copper tubing 
soldered to the housing. Very little 
water is required as the housing should 
not be cool enough to condense moisture 
and drip it on the cloth. 


CONTROL UNIT 


The design of the phototube detector 
and amplifier as described has proved to 
be subject to engineering calculation. 
The design of the control unit, on the 
other hand, has required a considerable 
amount of experience to insure proper 
functioning of the equipment. The 
control unit performs three major func- 


“Cylindrical 
Lenses 


A—Covers removed 


Fizxible Cable 


B—Assembled 


Figure 10. Scanning-unit optical system 


tions: first, it compares the impulse fre- 
quencies from the two scanning detectors; 
and second, it operates the straightener 
motor contactors in the proper direction 
to correct any skew which may exist; 
and third, it must so adjust its control of 
the straightener motor that it will not 
overshoot in making the necessary cor- 
rection. 

The unit which accomplishes this is 
shown in figure 15A, B, C, and the 
schematic diagram of the circuits in- 
volved is shown in figure 16. 

In brief, the operation is as follows: 
‘The output of the two scanning detectors 
is amplified further and passed to the 
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frequency comparator which compares the 
impulse frequency from detector A with 
that of detector B. If either frequency is 
higher, a d-c potential appears on capaci- 
tor C; of polarity dependent upon which is 


greater, frequency A or frequency B. 


The potential, which is a measure of 
magnitude and direction of skew, then 
passes through the antiovershoot net- 
work and is impressed upon the relay tube 
which in turn operates relays and they 
in turn operate small contactors and 
finally the straightening motor contactor. 


FREQUENCY COMPARATOR 


Starting with the input amplifier A of 
figure 16, each impulse produces at the 
output transformer secondaries a full 
cycle of alternating current. The initial 
half cycle of this impulse makes tube Ai 
conducting and thereby charges capacitor 
C,4 positive. The second half cycle of 
the impulse shuts off tube A; and makes 
tube A, conducting so that the charge 
accumulated by C,,4 is passed to C. 
Thus, each impulse from A first charges 
C,4 positively to approximately one-half 
the supply voltage and then dumps this 
charge into C, on the next half cycle. 

Similarly, the first half cycle of impulse 
from B charges C,, negatively to ap- 
proximately one-half the supply voltage 


Disk Slit 


Seisyn 
Receiver 


Figure 11. Scanning d’sk 


and then dumps this charge into C, on the 
next half cycle. 

Thus, if impulses arrive from A faster 
than from B, C, will accumulate a posi- 
tive charge, and if they arrive faster from 
B than from A, C; will accumulate a ~ 
negative charge. The charge across C, 
is filtered by resistors R; and appears 
across C3 as the potential E which is a 
measure of the magnitude and direction 
of the skew. 
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OVERSHOOT PREVENTION 


Actual experience in operating auto- 
matic weft-straightening controls has 
shown that care has to be exercised to 


_ prevent the correction from overshooting, 


Consequently, the potential E cannot be 
used directly on a polarized relay to 
operate the straightening motor. 

The network preceding the relay tube 
prevents overshoot by doing two things: 
first, it throws the straightener motor on 
and off in such a manner as to cause the 
correcting rate to be somewhat propor- 
tional to the amount of skew; second, if 
there is a considerable skew which de- 
creases suddenly due to the cloth coming 
through more nearly straight, the network 
will shut off the straightening motor and 
hold it off until the skew stops decreasing. 

The network is composed of simple 
resistors and capacitors coupled to con- 
tacts on the motor relay contactors. 

This action may be explained by the 
circuit diagram. Under the conditions 
of figure 16, the straightener motor is 
not operated. If a skew comes along, 
C3 takes on a charge E, which throws one 
of the grids of the relay tube negative so 
that its relay drops out and closes the 
motor contactor. When this happens, 
the corresponding contact in the anti- 
overshoot circuit shifts to “‘in’’ placing the 
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capacitor Cy in series with the correspond- 
ing grid. This produces no immediate 
change because the capacitor C, has 
zero voltage. However, as Cy becomes 
charged, the negative voltage on the 
grid decreases until the relay drops out, 
the straightener motor stops and the con- 
tact returns to ‘‘out.”” Capacitor C, is 
now charged and will discharge through 
Rs tending to hold the relay-tube grid 
positive and keep the motor stopped 
until Cy is discharged. If there is still a 
considerable skew, however, the skew 
control potential E will exceed the effect 
of the discharging C, and the relay will 
drop out right away and start the motor 
again. If & is small, a considerable time 
will elapse before the grid goes negative 
enough to start the motor. Thus, the 
circuit starts and stops the straightening 
motor frequently and the amount of time 
the motor runs as compared with the 
amount of off time is a function of the 
magnitude of the skew. For large angles 
of skew, the straightening motor will run 
most of the time and be off but a small 
part of the time. On the other hand, for 
small angles of skew, the motor will be 
off most of the time and will run only a 
small part of the time. 


This explanation covers more or less 
the static operation of the circuit. In 
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any particular case, the skew-control 
potential E is likely to be changing con- 
tinuously, These changes are transmitted 
through the capacitor C, and if sufficiently 
large will cause the relay circuit to 
operate on the direction of the change 
rather than upon the magnitude of the 
skew. Thus, if E is increasing, the ca- 
pacitor C, will start the motor running 
more quickly than would have been the 
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PHOTOTUBE AMPLIFIER AMPLIFIER 


———- 


TO INPUT 
AMPLIFIER 


TO VOLTAGE SUPPLY 


Figure 14. Schematic diagram of phototube 
amplifier 


case if H had not changed during the 
sequence of events. Thus, the circuit 
anticipates to a considerable extent the 
coming skew condition of the cloth and 
controls the straightening motor accord- 
ingly. 


RELAY CIRCUIT 


The relay circuit comprises a twin 
triode with a relay in each plate circuit. 
The relays are normally closed and are 
interlocked so that the motor contactors 
will be closed only if one of the relays 
opens and the other remains closed. 


CONTROL CONTACTOR CIRCUIT 


The relays cannot handle the motor 
contactors directly so some control con- 
tactors are also necessary. These control 
contactors carry the antiovershoot con- 
tacts described above. 


SAFETY CIRCUIT 


The circuit of figure 16 performs one 
additional function. In case a large skew- 
control potential appears, it is probably 
due to a fault. The cloth may have torn 
or pulled out of the tenter on one side 
so that only one detector is functioning or 
a tube may have failed, the angle of skew 
may be too great for the detectors to 
handle, etc. Under these conditions, the 
safety circuit relay will drop out, opening 
the motor circuit, light a red lamp or 
ring a signal, or both. 


ASSOCIATED EQUIPMENT 


In addition to the scanning and control 
unit, the other electrical equipment re- 
quired for automatic weft straightening 
includes the straightener motor with 
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brake and contactors. These devices 
must withstand frequent operation and 
reversals, 


INSTALLATION 


The installation of the equipment is 
simple, as the complete scanning unit is 
mounted on one bracket which bolts to 
the tenter rail, figure 9. The control unit 
is bolted to a wall or panel by four bolts, 
figure 15C. 

Because of the high frequencies trans- 
mitted from scanning to control units, 
the connections between the two pieces 
of equipment should be as short as 
possible. 

The point at which the scanning units 
are to be installed is important in some 
cases. If the cloth under the scanner is 
completely dry and not pliable, the fact 
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that it is straightened at that point does 
not mean it will remain straight after it 
leaves the tenter, because it will tend to 
return to the condition under which it 
was dried. 

Cloth speed is important because it 
determines, together with thread count, 
the maximum frequency of the impulses 
to be handled. The equipment is now 
rated at a maximum of 140 yards per 
minute. At this speed with 80 threads 
per inch, the thread frequency is 6,720 
per second. With a skew of approxi- 
mately four inches in 40-inch-wide cloth, 


Figure 15. Control unit 


A (left}—Completely assembled 
B (lower left)—Main cover removed 
C (lower right)—Chassis cover removed 


GEb9 
(ie 5S. 


A 


Chassis 


GE6RT 


Skew 
Contra 


Connection 
plugs 


LaPrerre, Mansfield—Weft Straightener 


CON pela 


VOLTAGE 
TO 
CONTACTORS 


VOLTAGE 
SUPPLY 


Cc 


4B 
ANTI OVERSHOOT RE at CONES 


Figure 16. Schematic diagram control unit 


the frequency one scanner must handle 
is approximately 12,000 per second. 

The maximum frequency to be handled 
may be further raised by the presence of 
“bow” in the cloth. Although symmet- 
rical bow affects both scanners similarly 
and consequently does not cause opera- 
tion of the straightener, bow may, in 
special cases push the frequency beyond 
the range of the amplifier, or it may be of 
such a sharp angle that the weft threads 
pass the light spot at such an angle that 
they do not intercept it. Figure 17 
illustrates typical forms of skew and 
bow. 


CLotH LIMITATIONS 


Most cloth is of the type illustrated in 
figure 2, although in much of it the num- 
ber of warp threads per inch may be 
greater than the number of weft threads. 
All such cloth, however, has a rectangular 
texture when held up to the light and 
practically all of it can be adequately 
straightened by the weft straightening 
control. Some cloth, however, is woven 
to form patterns or the threads may not 
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BOW AND SKEW 


Figure 17. Typical forms of skew and bow 


interlace adjacent threads. In such 
eases, each kind of cloth must be in- 
spected closely to determine whether it 
can be handled by the automatic scan- 
ning unit. In many cases, cloth has 
actually been straightened which ap- 
peared hopeless at first inspection. 
Loosely woven marquisettes with large 


tufts have worked very well, even though 
each tuft blocks off a large part of the 
optical system. 

The optical system was originally 
designed to handle 100 by 100 thread 
count which was thought to be about as 
fine as would be found. Experience now 
shows, however, that cloth with many 
more warp threads than weft threads is 
more difficult to handle than the finest 
Square weaves. For instance, in some 
types of broadcloth with a weave of 
60 by 136, the large number of small 
warp threads has little or no bending 
effect upon the relatively large weft 
threads and consequently the warp 
threads mat together and in some cases 
leave practically no interstices. 

Another factor decreasing the amount 
of light is the amount of sizing applied to 
the cloth. In the cheaper grades of 
cloth, the interstices appear completely 
filled. However, the sizing must be at 
least slightly transparent, because in all 
cases so far encountered, successful 
straightening has been accomplished 
after some experimenting with proper 
location of the scanning unit. 

As might be inferred, a color has no 
effect upon the operation of the control. 
The dye is a part of the thread fiber and 
does not fill the interstices. 


MAINTENANCE 


In any equipment such as this, the 
question of maintenance is important. 
Controls have been in operation over a 
period of several months without atten- 
tion and this is to be expected. The 
equipment contains, however, a number 
of electronic tubes having a life rating 
of 1,000 hours although experience has 
shown this rating to be conservative. 
The two lamps will ordinarily last several 
hundred hours, but this will depend to 


some extent upon the amount of vibra- 
tion of the particular machine to which 
they are connected. 

The electrical circuit in these controls 
is necessarily somewhat complicated for 
ordinary servicing. To facilitate such 
servicing, the phototube amplifier units 
and the control units are interchangeable, 
and in case of failure, a new unit can be 
substituted in a very few minutes. All 
connections are made by plugs so changes 
of units require no wiring. 


Application 


Several commercial installations of the 
automatic weft-straightening control have 
been made in conjunction with the dif- 
ferential-gear-type straightener, typical 
of which, is that at the Danvers Bleach- 
ery, Peabody, Mass. Cotton sheeting 
after being bleached and washed is 
finally sized in a twenty-foot tenter 
where it is automatically straightened, 
just prior to entering the dry cans. 
Figure 18 shows the arrangement of the 
scanning and control units, and figure 19 
the complete tenter with dry cans in the 
background. 
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Close-up of Danvers Bleachery installation 


Figure 19. 
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Installation at Danvers Bleachery 
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Protector-Tube Application 
and Performance on 
132-Kv Transmission Lines — Il 


By PHILIP SPORN 


FELLOW AIEE 


I. Introduction 


HE USE of protector tubes (previ- 

ously referred to as expulsion protec- 
tive tubes or “deion” gaps) during the 
past five years or so as devices for pro- 
tecting transmission lines and equip- 
ment against lightning has gained con- 
siderable headway, particularly in the 
protection of high-voltage transmission 
lines. A number of applications have 
been made in the medium voltage trans- 
mission field, a few in the low-voltage 
field, and a number of scattered instal- 
lations for protection of equipment and 
cables. 

Since the protector tube was first pro- 
posed! as a protective device, considerable 
experience has been gained in making 
practical use of this device in the field. 
The development of any new type of 
equipment usually consists of a period 
of experimental work in the laboratory 
followed by field tests and then more or 
less limited operating experience before 
the merits of the device are fully proved. 
This situation has been true of the pro- 
tector tube, which is now well past the 
first two stages of its development. As 
a matter of fact, the application and 
operating performance of the protector 
tube have found quite frequent space in 
the technical literature during the past 
few years.?#579-18 

The performance of protector tubes 
on two 132-kv lines was described by the 
authors in a paper’ presented two years 
ago. Since that time three additional 
132-ky lines of the interconnected trans- 
mission system have been equipped with 
protector tubes. It is the purpose of this 
paper to now discuss the tube application 
to these lines, to give their operating per 
formance, and to summarize the experi 
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ence which has been obtained on the ap- 
plication and performance of .protector 
tubes on some 250 miles of 132-ky lines 
equipped with these devices. 


II. System Analyzed 


The lines on which protector tubes were 
installed are 132-kv steel-tower lines of 
the operating companies of the American 
Gas and Electric Company. These lines 
are constructed with one ground wire 
and use standard suspension insulators. 
The circuits are in vertical configuration. 
All tower structures are of the double- 


circuit type. The Roanoke-Fieldale, 
Fieldale-Danville, and Turner South 
Point lines are single-circuit. The 


Glenlyn-Roanoke line is double-circuit, 
one circuit only being equipped with 
protector tubes. The Philo-Newcomers- 
town and Newcomerstown-Canton lines 
were formerly a continuous line from 
Philo to Canton, but during the period 
when equipped with tubes, they have 
operated as separate line sections, al- 
though still located on the same double- 
circuit tower structures which carry the 
still-existing Philo-Canton number 1 
line. More complete information on the 
characteristics of the above lines has been 
presented previously.4 

In table I is given pertinent informa- 
tion on these lines as regards protector- 
It will be noted that 
the tube-equipped lines comprise 255 


tube application, 


Figure 1. Roanoke-Fieldale-Danville 132-kv 


protector tubes with grading shields added in 
1937 to improve lightning performance 


miles of line, 1,080 towers, and 3,240 
tubes. Dates of tube installation and 
tube current ratings are also given. 


Ill. Tube Design and 
Installation Considerations 


In an earlier paper,’ what were believed 
to be the fundamental requirements of 
protector tubes were presented in some 
detail. With the added experience gained 
in the past three years from tube opera- 
tions, it is still believed that these same 
requirements are sound; they therefore 
will not be repeated here. It has de- 
veloped, however, that certain features of 
the tubes required still further considera- 
tion. Among these are aging character- 
istics of the tube, installation clearances 
at points where gas discharges are in- 
volved, delayed relay settings of pro- 
tected circuits to prevent circuit inter- 
ruption even though the tube has suc- 
cessfully cleared the fault, and changes in 
the tube design to better its lightning 
performance and mechanical character- 
istics. 


CHANGES IN TUBE DESIGN 


Some changes in tube design have been 
made as a result of the experience on the 
Glenlyn-Roanoke and Roanoke-Fieldale- 
Danville lines previously reported.’ Such 
a change was the result of an attempt 
to provide a better voltage grading along 
the surface of the tube. One method of 
accomplishing this is shown in figure 1 
where grading shields have been applied 
to the tubes. This additional grading 
was provided on the Roanoke-Fieldale 
and Fieldale-Danville lines prior to the 
1937 lightning season. 

Another method used to improve grad- 
ing along the tube was the use of a re- 
sistance material built into the tube itself. 
This type of construction was used on 
the more recent tubes installed on the 
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Figure 
Turner-South Point 132-ky line. 
angle vent at air-gap end of ground tubes, and 
at bottom end of line tube on single-suspen- 
sion assembly. Double-suspension assembly 


tubes—V_ type—on 
Note double 


has L vent at bottom end of line tube. These 
types used on Philo-Canton and Turner-South 
Point lines 


Philo-Newcomerstown, Newcomerstown- 
Canton, Turner-South Point, and most 
of the new tubes installed on the Glenlyn- 
Roanoke, 

A second change made in the new tubes 
installed on the Philo-Canton, New- 
comerstown-Canton, and Turner-South 
Point lines is shown in figure 2. This 
change deals largely with the venting of 
the gases. It will be noted that gases 
which formerly vented along the axis of 
the tube straight into the external gap 
have now been diverted with a Y fitting 
at the free end of the tube and so designed 
as to throw the gases clear of any con- 
ductor or grounded structure in the direct 
path of the discharge. Similarly, vent- 
ing at the rigid end of the tube has been 
changed to divert the gases by an L fitting 
to throw them away from the conductor 
or other hardware. This change in de- 
sign has been of a precautionary nature 
rather than on account of any extensive 
trouble developed in the initial design. 


RELAY SETTINGS 


Since the protector tube normally clears 
a fault in approximately a half cycle, 
precautions must be taken in the relay 
setup to insure that high-speed relays 
do not initiate the tripping circuit during 
the period when the tube is carrying cur- 
rent. In the tube installations on the 
Philo-Newcomerstown and Newcomers- 
town-Canton lines, it was recognized 
that the relay setup was such that in 
heavy short circuits near Philo, there was 
a possibility of the trip circuit being set 
in action even with normal tube operation. 
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However, to check the limit of low time 
to which these relays could be set, they 
were permitted to operate for two sea- 
sons with a minimum time of approxi- 
mately one to 1'/2 cycles. During the 
last two years, eight relay operations 
have taken place with perfect tube per- 
formance thus indicating that relay time 


Table I. 


is too short. Three of these occurrences 
took place in 1936 and five in 1937. How- 
ever, no service interruptions were ex- 
perienced. Positive indication that this 
low time setting of the relay was the cause 
of the outage was evidenced by the fact 
that the circuit did not trip at the op- 
posite end. 

Results of tests, not reported in de- 
tail here, indicate that successful tube 
operation has occurred even in three 
cycles. This indicates that a minimum 
relay time of something in the order of 
two to three cycles may be desirable on 
a circuit where tubes are installed. An- 
other alternative may be the retention of 
one-cycle relaying and the use of ultra 
rapid reclosing. 


PROTECTOR-TUBE CURRENT RATINGS 


To successfully interrupt short-circuit 
currents on the Philo-Canton line pro- 
tector tubes, it was necessary to develop 
a tube of higher current rating than 
previously available. The design work, 
which was carried on prior to the instal- 


Summary of 132-Kv Protector-Tube Installations 


Calculated Tube Rating 


Num- Num- Fault Amps* (Amperes*) 
Length ber ber Date ————_—_ 
Line Designation (Miles) Towers Tubes Installed Max. Min. Max. Min Vents 
Glenlyn-Roanoke............. 65... 270... 810...7/ 1/33...1960... 660... 2500... 600...Anglet 
3990...1250... 5000... 900 
Roanoke-Fieldale............ 37... 164... 492. ..4/10/34...1960... 660... 2500... 600. .:Straight 
Fieldale-Danville............ 31... 187... 411...4/10/34...1350... 700... 2500... 600...Straight 
Philo-Newcomerstown........ 37... 140... 420...9/ 1/35...9400...1400...10000...1300...Angle 
Newcomerstown-Canton...... Sie OSs 402, 60/21/85. LOO, , W400R, see DO0W. -LeO0k. nAtirle 
Turner-South Point.......... 48... 205... 615...4/15/36...3160...1000... 5000... 900...Angle 
5830...1980... 7500. ..1200 
Mptal ss. Lae awh oe ase ses . sLOSO a 2e0: 
+ Straight vents prior to 1937. * Root-mean-square. 
Table Il. Protector Tube Operations,* Glen!yn-Roanoke 132-Kv Line 
(Data From Physical Inspection) 
Composite 
Fiber Tubes Tubes 
Year 1933 1934 1935 1936 1937 Total 
3-phase installations in service : ste PA RUR ae LACS cuca A Ie 270 270 
Equivalent single-phase installations Ut S@PVICEs... 2) sie ee vinvis 8107.0, SLO .810 a0, : 810 
Normal tube operations: Top phase........-.++++eeeeees Where 14 10. : Sat 30 90 
Middle phase...........-e0-ee0es Lie Bi< 6. ; 16). Vion 49 
Bottom phase, ;.....:+-+-+eseees Laas iis 3, 14.. 4.. 31 
Top and middle phases. Zine 8: : fi 10 Grass oe 
Top and bottom phases........-- Wiatarocee Ons Dick 8 Ditne oe 
Middle and bottom phases....... (Wena elne Biss 6 pe 13 
Top, middle, and bottom phases.. 2.... 8.... 1... 8 wate 26 
Titel Ete. 5-0 ce alte cole aia Sheen Mah Calas ares + dads 16 87 84,0 LET. <7 O83. 20802 
Total towers. 00 6 15642 ; a tera onan ti el ace sucess 9 55 27 cake Ode a Tica. 209) 
Tube flashovers: Top phase...........-- ot er toe 0. 5 Zt eS at ts 
Middle phase. . i Operetta ai, sabe tenets 0. q 5. (ee AG 
Bottom phase..... Pirhicteyr rea enaie Oe 1 0. Bir. ee 7 
Top and middle ‘phases. BN 'e ss. soon 0.. 0 i. 0. 0 1 
Top and bottom phases.... A a OUn 0 0.. 0 c 
Middle and bottom phases..........+++: On. 1 chs 0 Late 0 2 
Top, middle, and bottom phases......... 0 7 ee : ¢ : : oy 
Sraala Vee sisyvinhane Operate hice 29. ory wat 
ata) CDOS 2c ets ore atlas wT ER aLediee oe epee a 2 sh en be 
TOTAL TOWELS on co siete ea eta eiUslelnnh esr Hine 2 Hee wea 0)0 € 8 i 
* Exclusive of tube target indications due to wind or vibration. 
+ Including two cases of tube flashover to tower. 
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Table Ill. Protector-Tube Operations,* Roanoke-Fieldale 132-Kv Line 
(Data From Physical Inspection) 


With 
Composite Tubes Shields 
Year 1934 1935 1936 1937 Total 
3-phase installations im service........-. 01sec eee eee rete 164). nc. « 164 aac NGAacsrrees 164 
Equivalent single-phase installations in service............ 492 ae 492..... AOD aan 492 ; 
Normal tube operations: Top phase..............++.-+55 Aeon an PAE 20 ocean LD itacgone 49 
Middle;phase anit semaine OS erm Shgocur a Liteon AURA any 46 
Bottom plasetares ssi ce) = tare es le entry Simone UD, ateriees PAU Srey cc 56 
Top and middle phases.......... (ymca OnMRSS Sidas pe seats 20 
Top and bottom phases.......... U eeaican OW Diaetanres Diese. oer 15 
Middle and bottom phases....... he ae eae Siavearcernce Oxae. 2 18 
Top, middle, and bottom phases.. 1l..... Bia, ates ita atene 1 Bae ect, 47 
MROLAL TUDES Monroe et eel ccttet spate ale csttece rst te: a. 5,«) 6) «, eaeceme Sb citar Ome A ae eatte ass Mela cca 398 
Ota lstOweLsamea ters yes mee chen out) aint bare. suk. oilemetens B4i.0503 DD park 1B patel che Owes. ants 251 
sEtibe fashovers: “COD: DRASE sig. og bee nc Ss ee un bra w sincere eA Any Sireuee Ditenataes Daa 6 
Mid dle-phase sear nates secre crs hivsitel score sigma Oipeaener O's ese Som Deon 7 
(Bottomep base mamta «tee suniee «laser fee Anan Ovvenvee Dis agate & molt rans 6 
Moprand waiddlesp bases. ante ce, aenianers One One t Oeraneta Olsneeee 0) 
Sop and. bottom pliases i. .on is cs eee (OSG One anne Olsscewis. ON aentens 0 
Middle and bottom phases.............. Onnerarels (O Prorat Oernnte Wer vain 1 
Top, middle, and bottom phases......... OLetiAra Oe Oe antece ts Olsenieahe 0 
PROC ALCO ES eer che Btemes ace Niele ss cer ate a ete fey seesiafe ceste'ona ee fenehend Lee Sapiens Gi. Ye ah 1 ar 21 
Motel HOWELS tren wihra + crepes pckeramanenWibania hci -'4 reales vtec tec Oreakiuans LO hae ie 20 
* Exclusive of tube target indications due to wind or vibration. 
Table 1V. Protector-Tube Operations,* Fieldale-Danville 132-Kv Line 
(Data From Physical Inspection) 
With 
Composite Tubes Shields 
Year 1934 1935 1936 1937 Total 
S-phase installations 1m ServiCe,..j.qsne ws eee ee eal + hs ts Wena 6 eis aoe DS Ti oes 1 BS Y fee ara pies 137 
Equivalent single-phase installations in service............ Al dew creye gee Al Reerte eae 411 
Normal tubeoperations: Top phase. <....5. eas ce es DAR Rr Oi iaea ses AB tec. ices 14: os toes ce 43 
Vind dlespliasemeren... seis rocco | (Oe ts Ope es aes sie Ieee anise 30 
Botton phasem qaaeetee ones eee Setar Omneee Vitae Sia. are 29 
Popyand middlet phases: i .a.umers e4isye LU ae Dessuestetous Dy eer ad 10 
Top and bottom phases.......... Sis we Oe Bee Degrees Sevevern = 8 
Middle and bottom phases....... 7..... OR ive. ache pO a ee 12 
Top, middle, and bottom phases... 4..... (erate o D ee apest Sew ee. 21 
MROTAM ER DES ara emacralckoneel rece cnet crore I MOSy dria cine sateen Thos och One Sez ih Oe erastee SO ae 225 
PROCAEOMER SS pieye etn oh eerie eis sts eee tear oe gh Slate agial a taass BB ies OMe Rees 48.. Sf Greer ar: 153 
Mi DeRAASHOVETSr iL OP! DIASE wcuese cts c%e Salat wJacivtnatanive. ue! aneke Bes Oe ester (0) ere Oh ae leety Oct eaee 0 
Middilesphasemencmass terrae. rise aes Oireratet Oktaysts 2 ON ORR see 0 
otto mlpuaset diet tein ake Vereen Ole Oe Os teeee Onnet avons 0 
Top’and middle phrases... ccs ea ca acne Net Ole ers Osama eee ON eres os 2 
Moprand bottomeplasesimarie cick er eins Orr Ones Ohare Rae See 0 
Middle and bottom phases.......,...... Ones + Osreeaam Oo Hina Ove eg 0 
Top, middle, and bottom phases......... Ohana OR te OS Saar One. 0 
Fotal tubes eareraca st iiewaeee eae ee ce erate Be Ses Oeaen. OR Meare OF Teal. 4 
Mh Otalstow ers mnnheusver sete t is te, ean erie om sybian Diaonsniye Oinierores Obst Seaee Oh sc cet 2 
* Exclusive of tube target indications due to wind or vibration. 
lation of tubes for the Turner-South insulator strings were of the so-called 


Point and Philo-Newcomerstown-Can- 
ton lines, resulted in a tube with a maxi- 
mum 60-cycle root-mean-square rating 
of 10,000 amperes. The field test of such 
a tube successfully discharging 17,800 
crest amperes is shown in figure 3. The 
current record of such a tube discharging 
is given in the oscillogram of figure 4. 
Similar tests were reported previously 
on protector tubes before they were ac- 
tually installed on the Glenlyn-Roanoke 
and Roanoke-Fieldale-Danville lines.?? 


TYPES OF TUBE INSTALLATIONS 

The installations previously reported® 
utilized protector tubes mounted on the 
insulator assemblies with three types of 
construction. In one, the tubes on the 
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V type, in the other, of the parallel type, 
and in the third, of the 30-degree type 
but mounted on the structure. In the 
two more recent installations made on the 
Turner-South Point and Philo-Canton- 
Newcomerstown lines, the types of in- 
stallations have all been of the V type. 
This procedure was followed due to the 
fact that the 30-degree type is not par- 
ticularly desirable from a maintenance 
point of view as it clutters the tower 
structure rather badly. Further ex- 
perience with the parallel and V types 
had up to that time shown no particular 
superiority of either, and since the V 
type was somewhat simpler to install, 
the decision was made to make the in- 
stallation on this basis. 
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IV. Tube Performance 


Performance of the tubes themselves 
under lightning conditions during the 
time they have been in service up to and 
including 1937 (excluding Turner-South 
Point for 1937 only) is given in tables IT 
to VI, inclusive, for the six line sections 
listed in table I. 

Before commenting on the contents of 
these tables, it should be pointed out that 
the initial installation of tubes on the 
Glenlyn-Roanoke line made in 1933 was 
replaced in 1937 with an improved de- 


of 1,300/10,000- 


Field 
ampere, 132-kv protector tube discharging 
satisfactorily 17,800 crest amperes in one- 
half cycle 


Figure 3. test 


~ TIMING 


ureters 


Figure 4. Protector-tube 
interrupting 17,150 crest amperes in one-half 


test successfully 


cycle. This type of tube now in service on 

Philo-Canton 132-kv line. (Field test No- 

vember 15-17, 1934—internal tube pressure 

measured as approximately one ton per 
square inch) 
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Table V. Protector-Tube Operations, * Philo-Newcomerstown 132-Kv Line 
(Data From Physical Inspection) 


Composite Tubes 


Year 1935 1936 1937 Total 
a ee 
is-plase installations in service...........0.c. cece ecccceee 140 
Equivalent single-phase installations in service............ 420. ‘ ; ; . ; . 4 Sap aeee cn 
Normal tube operations: Top phase..................... Qc ait: E ; 20 ak 7 37 
Middle phase................... Ga cwene a: B Seater ys SOU eIA. 12 
BOttema, DEase.cloc eles ou oes as Ose ieee eee cite cae ee 3 
Top and middle phases.......... Ger cakcosre De reenter x eee? 5 
Top and bottom phases.......... Oe rene a< < Qi eters Le . , iow. 2 
Middle and bottom phases....... OF fe. aan Re hy eae 1 
Top, middle, and bottom phases... 0........ ie eae 4 ent, 6 
IOURIGCUDES Wm enn cian Mani enka h caulk .c< ba vs Caen LSPS Cite 34 peer: ee 86 
SIAUAIGLONUES EMER eS enc ttre Re Beis Gaerne galas Weare te on PCs stay 38 ee 66 
phume Hashoverss’ DOP PHASc. osc. cucs cs cect ccc s cr accccs Gis eames 1; hee dee 0 Ree oes 1 
Deidtetplnakt dd ie 50 sales. s. Wee Dene OF kes 0 
TEC Sy Se ae ee ee Die. aba Girne ns Ditecads ay 0 
Top and middle phases................. Dice west Ore cera Qieemoineieciaer 0 
Top. and bottom phases........0.6 e600 DS eens see's Dimas tase ONE nenstseanser 0 
Middle and bottom phases.............. Discranset tite Uintemuamess Oissracctevirtenes er 0 
Top, middle, and bottom phases......... A tare ccd: oft OT cece wee: Oia gar ats 0 
SS RUEINO SMT ieBere aarti Wale oe kee Min ko ha dea ee sees RD crate ck: x Lie cae ORS ie ces 1 
LMAO ONT AS: Aas OS A a rr Oe Eri ‘1 hs epee rs 1 


: * Exclusive of tube target indications due to wind or vibration, 


Table VI. Protector-Tube Operations,* Newcomerstown-Canton and Turner-South Point 
132-Kv Lines 


(Data From Physical Inspection) 


Newcomerstown-Canton, 


Composite Tubes Turner- 
South Point 
Year 1935 1936 1937 Total 1936 
Merinse INSERIIRUIONS Et SEFVICe... 2... 5 eee 164 POtttos OEM Mh eee. 20D 
Equivalent single-phase installations in service............ 492 MOD EA OD Serr cc ee ts 615 
Normal tube operations: Top phase..................... 2 Te eee OO Mer Ol cithir aie 14 
MIO BRAS cL es eM eas os. owe ss) 0 8 20) nce i eee wets 6 
Ration’ SRBC. Cc shina ko 63.2 <i cmp dene «Divs cays Orr arid: 6 
PROgHEN SHITE PURSES. css. Leas Bacies “bes ees DG ecrann a 5 
Top and bottom phases.......... Sy alee St : ae eae seen 
Middle and bottom phases......- 0.... 2.2... O..... iene ect 0 
Top, middle, and bottom phases.. 0.... 2.. ret Soe Den ened e 4 
eS See OS a oe A ee Dein, SS DA sees DOD Seiad 37 
RCE LS WEES Sint a Cs wae eo ccc eee Mens tene eon sas Ye TOe cis «sais 52 
ARS HashOversse EOP DRHSC) 65 cece cs oe cee ease ese go... Oa Ones Oona Senate 0 
Ree DES oe ie «hie = Sas wes so wes On. URS UR (Deseret Sears 0 
RPE GueYe AINE. ree ie Glee eb oe we, 0s,» he (Cee Deere ces re car 0 
‘Eop and middie phaseés................. ie (ics Ot. oon OF pescntace a 0 
op and bottom phases. ...........5..; 0. o. Olin es Ooo eae dex 0 
Middle and bottom phases.............. 0.. Oe Orne 0). 0 
Top, middle, and bottom phases......... OL. Dove 1 estes Gee es 0 
Taeigdaece ok Ba ee ce ee Pea ee Oo. Oyen i lain Lae eo 0 
‘Ratal PO WeEaereee erie es oo se. 45's ea he's wa males : D;. Ovocre 1 Se eo 0 
* Exclusive of tube target indications due to wind or vibration. 
Table Vil. Performance of Flashed-Over Protector Tubes 
Glenlyn- Roanoke- Fieldale- 
Tube Operation Roanoke Fieldale Danville Total 
SeeecmuitiiOre Hachovenne stasis vidscis eb sie rie ae 2 oe OL on is ++ vomios 1) ee Sees, ae yEnc 5) 
Tubes with two flashovers.......----s+ eee eee e cere ee eeeees Los oh eee UR em casas, O)S Seerersaaae 2 
Tubes with: one normal operation before flashover.......... DT anpuat ise Pee Be sos Oe 11 
two normal operations before flashover......... 0 Diets ataetes (Qe Hise 6 
one normal operation after flashover........... ROY We ir 0: etn toe Catan ae 
Fest Cae. 0. ie Urs Cerin Rm Ue mcg meat] 


two normal operations after flashover 


sign of tube. The initial tubes were all 
fiber and had reached the end of their 
useful life at the end of four years. Since 
it was found that the fiber, when exposed 
without protection to the weather, had 
experienced serious deterioration, the new 
tube installation on this line, as well as all 
other tubes now in service on the 132-kv 
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system, have the improved waterproof 
Textolite covering. In the analysis that 
follows, therefore, it should be borne in 
mind that the performance of the Glen- 
lyn-Roanoke line during 1936, when the 
all-fiber tubes were reaching the end of 
their useful life, is somewhat worse than 
would be expected from more modern 
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design tubes even in only reasonably good 
condition. The data in the tables de- 
finitely indicate that tube deterioration 
on the original tubes had become serious 
by 1936. 

Of the 810 tubes in service on the 
Glenlyn-Roanoke line during the past 
five years, there has been a total of 372 
successful tube operations, 51 tube 
flashovers, and 2 tube failures where in- 
ternal pressure burst the tube (table X). 
On a percentage basis this gives 87.1 per 
cent successful tube operations, 12.4 per 
cent flashovers and 0.5 per cent failures. 
However, if the high flashover record of 
1936, when the all-fiber tubes had badly 
deteriorated is omitted, the record shows 
93 per cent successful operations, 6 per 
cent flashovers and 0.5 per cent failures. 

Of the 492 tubes in operation on the 
Roanoke-Fieldale line (table III) 398 
normal operations occurred during the 
four-year period. There were 21 tube 
flashovers and one tube failure. This 
performance can be stated on a percent- 
age basis as 94.8 per cent successful 
operations, 5 per cent tube flashovers, 
and 0.24 per cent tube failures. On the 
Fieldale-Danville line where 411 tubes 
were installed 98 per cent of the tube op- 
erations were successful and two per cent 
resulted in tube flashovers. There were 
no tube failures on this line in four years’ 
operation. As the tube type, rating, 
age, and method of installation were 
identical on the two above lines (Roa- 
noke-Fieldale and Fieldale-Danville) the 
difference in tube performance can be 
accounted for only on the basis of fre- 
quency and severity of lightning con- 
ditions encountered. 

The record of tube operations on the 
Philo-Newcomerstown, Newcomerstown- 
Canton, and Turner-South Point lines 
(tables V and VI) was much better. For 
these three lines there have been two 
flashed-over tubes in addition to 123 
successful operations, and two ruptured 
tubes. This gives 97 per cent successful 
operations, 1.5 per cent tube flashovers 
and 1.5 per cent tube failures. 


It will be noted in general that a very 
much better performance is indicated on 
the Fieldale-Danville, Philo-Newcomers- 
town, Newcomerstown-Canton, and Tur- 
ner-South Point lines than was obtained 
on the initial ‘nstallation of tubes on the 
Glenlyn-Roanoke line where the all-fiber 
tubes were used. It is believed that this 
better performance is due in part not 
only to the comparatively short time the 
tubes have been in service (two to three 
years) but also to the improvements in 
design on the newer tubes worked out 
in the period elapsed between the instal- 
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Table VIII. 132-Kv Protector Tubes Disrupted in Service (1933 to 1937, Inclusive) 


Tube Line 
Ref. Line Year Phase Location Tripout Remarks 
8 RIN en GRO E S/SY S (aetna VEL CL Le areregaete Lines... 0. No....Tube ruptured. Top and bottom phase 
tubes operated O.K. Tower current 
10,300 amperes. Ground-wire current 
17,700 amperes. 
iR-... G-Re 4 .6/17/37... Middle. ....Ground.....No.,.. Dube ruptured: Severe lightning. No 
other tubes operated. No tower current. 
UNE 3S ges a 5 5 oY AMY Gx AW a5 ay b CoKol Fe ec PAG vars ces Panter Tube ruptured. Top phase tube operated 
O.K. Bottom phase tube flashed over. 
246 N=Cues 18/21/38... 508 RESO) stereiets Ground....No....Tube blown off. Fiber threads stripped, 
Gleb Our o/ 20 oGsnere ODE seis ice bine verre No....End of tube blown off. 
Table IX. 132-Kv Protector Tubes Having Repeated Operations (Normal and Flashover) 
(Observed by Target Indication) 
Number of Glenlyn-Roanoke Roanoke-Fieldale Fieldale-Danville 
Tube Total Average 
Operations Number Per Cent Number Per Cent Number Per Cent Number Per Cent 
See ee BBizadmacos LAS eins POC Aigalate ene LOO sees, as gE LOS. LS4 Sirtriaas« 12.9 
eaten saree TOE AN sc TAG atone LAS tacees DO ee ae Cee Se air oe ONG Tiree ti. eee Lv 
Boas ee ciae ans Sige BOW ce es Reena OSs Secrest: UR irate Ole: ON elegt ia rs 0.4 
Da baserens a eral rere egies Ditech es Oo. acter 0 Pte ears Of rerenseters OE Oeste 0 
Years operation......... Bitgemiscastouhest op eteitietes 3 A exile trae she 4 


lation on the Glenlyn-Roanoke line and 
these installations. 

An analysis of the performance of the 
flashed-over tubes, made in table VII 
shows that out of 75 tubes which flashed 
over, 11 or 13.7 per cent experienced 
only one normal operation before flash- 
over. Six or eight per cent experienced 
two normal operations before flashover. 
Further analysis shows that nine tubes 
or 12 per cent underwent one normal 
operation before external flashover had 
occurred. The above operations are, of 
course, those noted by target indication 
and may have actually been somewhat 
greater due to the possible occurrence 
of multiple strokes. 


TUBES BLOWN UP IN SERVICE 


When initially applying protective 
tubes for line protection, the possibility 
of tube failure due to exceedingly high 


ROANOKE-FIELDALE- 
DANVILLE 


NO.1 GLENLYN- 
ROANOKE 
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lightning currents and to 60-cycle cur- 
rents either above or below the tube 
rating was considered. As pointed out 
in table I, the 60-cycle maximum and 
minimum short-circuit currents of each 
line were calculated, and tubes selected 
to cover the range of 60-cycle currents 
expected. It is gratifying, as will be 


ROANOKE-FIELDALE- 
DANVILLE 


NO.| GLENLYN— 
ROANOKE 


POT ¢ 1-G 


AMPS ¢ |-TOP 


RECORD N° 36. 
a AMPS ¢ 1-TOP 
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AMPS ¢ 2-MiD. 


AMPS ¢ 2-MiID. 


AMPS $ 3-BOT 


seen from table VIII, that the record 
of exploded or blown-up tubes for all lines 
during the entire time when tubes have 
been in operation, totals only five, and 
that of these five tube failures, four re- 
sulted in no line tripout, and there is no 
absolute certainty that a line tripped 
out even in the fifth case. The experi- 
ence cited, therefore, seems to indicate 
that the tubes have been applied within 
their actual rating, and that the tubes 
have the ability to safely interrupt 60- 
cycle currents that can reasonably be 
demanded of them. Trouble from ex- 
cessive lightning stroke currents disrupt- 
ing a tube and producing a line outage 
appears, from records so far obtained, to 
be negligible. 


REPEATED OPERATION OF TUBES 


The number of times a tube may be 
called upon to interrupt currents in 
service must be considered in estimating 
the life of the tube. To throw some 
light on this situation, multiple opera- 
tions recorded on the tubes from physical 
inspection of targets in the field have 
been analyzed and are given in table 
IX. This record shows that during the 
five-year period of operation studied here, 
184 tubes have operated twice, 29 tubes 
three times, 9 tubes four times, and 
none five times or more. 

As pointed out under “Multiple 
Strokes” discussed later, additional duty 


POT ¢ 1-G 
AMPS ¢ 1-TOP 


AMPS ¢ 2-MID 


AMPS ¢ 1-TOP 


AMPS ¢ 2-MID 


AMPS ¢ 3-BOT. 


Figure 5. Multiple lightning stroke (five 
strokes in eighteen cycles) cleared success- 
fully by protector tube. (Oscillogram num- 
ber 20—June 18, 1937—1:05 p.m.—stroke 
to Roanoke-Fieldale-Danville 132-kyv line.) 
Note reversal of line polarity at instant of 

strokes 


Figure 6. Multiple lightning stroke (three 
strokes in 131/9 cycles) which developed into 
line fault (Oscillogram number 36—July 10, 
1937—4:45'/9 p.m.). Stroke to Roanoke- 

Fieldale-Danville 132-kyv line 
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Table X. Line Outages Caused by Lightning on Tube-Equipped 132-Kv Lines Before and 
After Tube Installation 


Philo- Newcomers- Turner- 
Glenlyn- Roanoke- _—Fieldale- Newcomers- town- South 
: Roanoke Fieldale* Danville* town** Canton** Point 
_ Length of line (miles) 65 
i 1 e LES)R cSyaplew eyes GO ssh os 9 Bie Seer kien be ek a é 
Years in service without tubes.... 6 ........7  ....... Y : Rani ri ay 
Mewcars inservice with tubes..;.... 5 ...c..0, 4 veces Laat Fas oe, a Me ena 2 
(TGEROORTT OTIS I ee eens Pe Ole 
, DOA aateeere ser ea ras hive chs aike 16S etiR es CH eae Vict ik eet er her LS. Cites, _ 
TICES ee ee Be ek a5: eyo A hase i laliiarcae tig 4S hel catia — 
LGV Neste ae ees a ees Be ts a cies MOLY eee echt + Lae Baar ne Btn wars —_ 
4 IME L065 titra Aan Arnie pele naar oe i eae Geese ahs UB cpa © MR eee aie AO) seroma ae UBit es Cay _ 
22 13.3 11.3 3.5 
aid ME 4 1 Gans Smiun sie ACS OM CARES a 04 Sk Os «tas wan. Bee eva 
RN Rn ei aye Sues a SS s as, ae ee PS ae 1 1 Mac _ 
; PPS eCUINO EE Weta Sie <.dru: 6.4 sretecie sa 6 OT “Meovcus « Sete. eee MSG corafatalciene Oe ch xibreas ty RO wr rary _ 
ROS Coan leas gtess stint oi Niels bis Sale ola Aue 9 2 6 
W108 eee eee teen teens D ceeeeeee Do ceenees Bearers Vestiitah : (actin — 
| SED bere tee. cratii aferate lO afen uns <0 Senger Te Rae ee as ear We teeta Lid ae Qtt 
| 1 CES ah te ela ee OS ee A ge ore i aa ee Roe tnies Ss Acmzonccsts “19 
JEN Y vod yay cow Se eWay Bo oa ates ne are eee a ere 1 ie ce PO Be tis ete 0 
Outages per 100 miles of line per 
year without tubes............ A SY Renta ore he MOO) iota noes BO Octo vies BGG he tonied B56 507 srs 4.16 
With tubes ee NA a ae ens Ey an 15.0) eee Sa Seth ak BU cme. ea 1.04 
Ratio: with tubes to notubes.... 0.71....... UGS Sie: Oto ices 0:46) Sees 0:47 ovum. 0.25 
Ratio: average of six lines....... Ce ne ee ST aka she QAR PP dias. 0% tis ikiaws — — 


* Outages prorated 1927-1933 when part of Roanoke-Roxboro line. 


when part of Philo-Canton line. 
tt In service seven months. 


** Outages prorated 1927-1935 


t Three outages occurred before tubes were installed July 1, 1933. 
| Tripped at one end only; relays set for three cycles. 


Table XI. Lightning Outages on Two-Circuit Lines With and Without Tubes on One Line 
Philo-Newcomerstown-Canton Glenlyn-Roanoke 
Tube Nontube Both Tube Nontube Both 
Circuit Circuit Circuits Circuit Circuit Circuits 
Year (Total) (Total) (Only) (Total) (Total) (Only) 
a ay OS eee ee ere 2 eee Snr ee BG, Apccey sions 1: ek ar 3 
De ECR Ue biciv nid maiwin d Msg xe a.si8 | fe Fe twee de oe A ae Sees ers A 2 
EMR POLE CPST Ele fa a ae dre 3.30 bath cip) 6 8 By sauce an DR ace ae eg Ae Sater OSs ota tans 17 .10 
Pani eee elton gx ail <tal a vo 's's he eee SO ais Pee hiss as heer Sema Sg a eis 5 
SCT a ey a AE eee ee 2.0 ge Bess By We. os 5s 5 22 23 .15 
WUC See ais Sah ae & wiles ek 5 wie oD BS ae ER Bin tea & e s — aire “ch ot, Peke ene 2 
Reh SANE CE Uric aees Giles «nese eds ee 5 MEP We trantals A ots 5 2t 
EOS Ruins Ries otal lands aie tages = SS Rs-aiett « host xte Fd ok 5 DY Pete lauss Be ek 1 
POSETE A, eta reese iach acon 2G Lass... RS Se ee et 4 2 
TOSG Ficus 208 Ue es TR ae eee ire eo eestor De ps 3 es 1 pie es pea ib 1 eee eee 8 
RAGE Cite eae ee REN Ce oi Oe ONS aes’ Be, Saag tg Oe paws Rte Ss cee. ih PE oeat [ee caer 0 
Tripouts per 100 miles of line per 
year: without tubes............ Ne As ee I tasers 5:0"; £20.05. .5.a car 17.2 9.4 
WAC EUS. Ss veeie oe ec ksee re eae Oe erate 0. 14.2 US. OP eaten eo 3.4 
Ratio: with tubes to no tubes.... 0.48...... ee 0 (ie ¢ ee 0.76. 0.36 


* Tubes installed on Glenlyn-Roanoke line July 1, 1933. 
(One tripout on tube line after this.) 


town-Canton line September 1, 1935. 
curred before tubes were installed. 


is placed on the tube by the multiple 
stroke. The above data give, however, 
fairer indications of how many times 
lightning may be expected to occur at a 
given location than they indicate how 
many times a particular tube may be 
called upon to operate. For example, if 
a tube is subjected to the effect of four 
lightning strokes in a five-year interval, 
and these are multiple strokes each time 
and the multiple stroke has, say seven 
successive discharges, the tube would, of 
course, be subject to 28 discharges during 
the five-year interval. From the fact 
that only five tubes have been completely 
disrupted by internal pressure in the 
five-year experience cited herein, and 
four of these tubes failed (perhaps under 
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** Tubes installed on Philo-Newcomers- 
+ These tripouts oc- 


conditions of direct lightning stroke) it 
seems quite evident that our experience 
to date does not indicate that sufficient 
internal erosion can be expected in the 
tubes, in four years at least, to become a 
serious hazard to their life or performance. 


V. Line Outage Record 


While the performance of the tube 
itself, that is, its ability to interrupt 
60-cycle or lightning currents without 
damage to itself or without external 
flashover is important, it must not be 
forgotten that the ultimate goal of the 
tube is protection of the line from flash- 
over or tripout. It is therefore of para- 
mount interest to study the record of the 
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tube-equipped lines both before and 
after the tubes were applied. 

The outage record of the six line sec- 
tions previously referred to is given in 
table X from 1933 (or date of line in- 
stallations) to 1937, inclusive. The rec- 
ord of outages on a 100-mile-per-year 
basis both before tubes were installed 
and after are given in the lower part of 
the table. It will be noted that the line 
outages range from ten per cent to 70 per 
cent of the outages on the same lines prior 
to tube installation. Such a comparison, 
of course, should include an evaluation 
of the lightning severity and frequency 
during the period under comparison, two 
factors which are difficult to evaluate. 
In general, however, it will be noted that 
the reduction in outages made averages 
well over 50 per cent when tubes are 
used. 

While the performance of the protec- 
tor tube is to prevent line outages, it is 
also true that when installed on one cir- 
cuit of a double-circuit line where one 
circuit only is sufficient to carry the load 
momentarily during an interruption, 
the number of double-circuit outages is a 
major basis on which to judge the tube 
performance. It will be noted in table 
XI that in the two-circuit lines involved 
(Philo-Newcomerstown-Canton and Glen- 
lyn-Roanoke) the two-circuit outages 
have, for a two-year period, been entirely 
eliminated on the Philo-Newcomerstown 
line and have been reduced to 36 per cent 
on the Glenlyn-Roanoke line. Exclud- 
ing 1936 when the Glenlyn-Roanoke 
tubes had deteriorated, the double-cir- 
cuit outages on this line averaged 1.25 
per year for a four-year period or 13.3 per 
cent of the average double-circuit out- 
ages before tubes were installed. An- 
other point of interest in this table is 
that the outages on the nontube-equipped 
line in each case have likewise been re- 
duced in the order of 16 to 24 per cent. 
While the periods analyzed are com- 
paratively short, particularly in the case 
of the Philo-Newcomerstown-Canton line 
and it may therefore not be representa- 
tive of what can be expected over a long 
period of time, it appears, however, that 
the tube-equipped line has reduced the 
number of outages on the nontube line. 
It is quite reasonable to expect this as 
well as a reduction in double-circuit out- 
ages. 


VI. Multiple Strokes 

During the time that the protector 
tubes were in service on the Glenlyn- 
Roanoke line, an investigation on this 
line jointly conducted with the General 
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Electric Company has produced some in- 
teresting data on the lightning conditions 
under which protector gaps are required 
to operate. A crater-lamp oscillograph® 
was installed at Roanoke for the past four 
years and many records of the tube per- 
formance were obtained thereby. The 
summarized data on multiple lightning 
strokes as obtained by the crater-lamp 
oscillograph in conjunction with pro- 
tector-gap operations is shown in table 
XII. It will be noted that successive 
strokes in one lightning discharge range 
from two or seven. The polarity of the 
conductor when line fault is initiated, that 
is, when lightning presumably strikes, 
might be expected to be predominantly 
positive on the basis that some 90 per 
cent or more of observed lightning strokes 
to line are of negative polarity. The 
record in table XII shows that of 300 
faults, including single and multistroke 
faults, in 59 per cent of the cases, the 
faulty conductor is positive, in 34.5 per 
cent they are negative, and in 6.5 per 
cent of the cases, the conductor is near 
zero potential. Even with the multiple 


Table XII. 


stroke there is no consistency shown in 
the stroke occurring successively to the 
conductor or to the conductors which are 
positive. The conclusion may be drawn 
therefore although the tendency to be 
struck is much greater when the line is 
positive than when it is negative, never- 
theless when lightning is ready to strike 
the line, it often strikes irrespective of 
the 60-cycle polarity of the line wires. 


VII. Conclusions 


From the data presented above based 
on five years of operation in service, and 
other records and related information too 
voluminous to present and discuss here, 
the following conclusions seem justified: 


1. Protector tubes, when applied within 
their rating, appear able to operate without 
mechanical rupture under all but a few 
infrequent currents encountered on a trans- 
mission system. Even when rupture occurs 
the faulted line may not and generally will 
not trip out. 


2. Internal tube erosion, as an agent in 
reducing the current interruption capacity 
of the tube has not, in five years’ operation, 
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appeared as a factor limiting the tube life. 


3. The multiple lightning stroke is a factor 
tending to shorten the tube life of the tube. 
However, rapidly recurring discharges in a 
multiple stroke have been successfully inter- 
rupted by the tube (three discharges in three 
cycles have been interrupted satisfactorily). 


4. In applying tubes for line protection 
considerable care should be given to ade- 
quate disposal of the discharge gases. Two 
cases were found where the tubes had appar- 
ently flashed to the tower as a result of im- 
proper dispositions of gases. Several cases 
of slightly pitted conductors have also been 
observed where the gases were expelled 
directly onto the line conductors. 


5. The operation of tube life is still an 
incompletely solved problem. From a 
weighing of the present knowledge concern- 
ing the theory and performance of tubes it 
would appear that life depends largely on 
the weathering qualities of the exterior of 
the tube covering or surface. 


6. The weathering qualities of the tube, 
and their relation to the tube protective 
features need further study and investiga- 
tion. It is suggested that the rate of system 
recovery voltage may be closely related to 
this aspect of the problem. 


7. Relays on tube-protected lines should 
either have a definite minimum time to 
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+ Indicates conductor with positive potential when fault begins. 


ductor at zero potential when fault begins. 
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U — Indicates conductor with negative po i i 
? Indicates fault with phase indeterminate. secre chet 
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0 Indicates con- 
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itiate the oil circuit breaker trip circuit of 
t less than two to three cycles, or as an 
ernative, when using one cycle relaying, 
reakers should utilize ultrarapid reclosing. 


‘a When properly applied the tube protects 
he line insulators against lightning flash- 
ver. No flashovers of insulator strings 
protected by tubes has so far been observed. 


9. Protector tubes have reduced line out- 
iges over 50 per cent on the average and 
show a reduction as high as 89 per cent in 
the case of one line. 


10. Reductions in service outages on two- 
cuit lines of over 85 per cent have been 
obtained by equipping only one line with 
1 ubes (omitting the one year’s experience, 
1936—on the Glenlyn-Roanoke line when 


On two-circuit lines, with one line 
ube-equipped, outages on the nontube line 
have been reduced by from 15 to 25 per cent. 
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Discussion 


E. J. Allen (General Electric Company, 
Pittsfield, Mass.): The authors are to be 
commended for a most comprehensive sum- 
mary of 132-kv protector-tube operation. 
The large amount of operating experience 
accumulated and presented in this paper 
represents a total of over 10,000 tube-years 
of service. 

Figure 1 of the paper shows the grading 
shields applied to the protector tubes on 
both the Roanoke-Fieldale and Fieldale- 
Danville lines just prior to the 1937 light- 
ning season, as a means of reducing external 
tube flashovers due to lightning. Table 
III indicates 11 tube flashovers in the 1937 
lightning season, whereas there were 6 in 
1936 before the shields were added. It is 
therefore of interest to analyze this rela- 
tionship. 

Analysis shows that there are two types 
of protector-tube mountings on these lines; 
one the V mounting and the other the 
parallel mounting. These mountings were 
described in a previous paper! by the au- 
thors. With grading rings on the parallel- 
mounted tubes in 1937, no external flash- 
overs occurred except in one questionable 
instance. Out of 450 parallel-mounted 
tubes equipped with shields in 1937, 113 
normal operations were recorded. Most 
of the parallel-mounted tubes, or 73.5 per 
cent, are located on the Fieldale-Danville 
section, where no external flashovers were 
reported. 

The 11 external flashovers listed in table 
III for the Roanoke-Fieldale line, however, 
occurred entirely on the V-mounted tubes. 
Eighty-two per cent of the V-mounted 
tubes are located on the Roanoke-Fieldale 
line, where the external flashovers were 
reported. 

Analysis of reported flashovers shows that 
8 out of the 11 external flashovers classified 
in table III were apparently not external 
tube flashovers. In all 8 cases where this 
was believed to have occurred, the single 
suspension V-mounting, as shown in figure 1, 
was installed. Targets located on the lower 
(line end) tubes had operated in every case, 
and hence the tubes must have discharged 
internally. The flashover occurring subse- 
quently was probably due to discharge 
gases from the upper tube improperly con- 
tacting the line. The design of tube shown 
in figure 2 with gas deflector readily over- 
comes this difficulty. On this basis there 
would have occurred not more than three 
external tube flashovers on the Roanoke- 
Fieldale line in 1937, where grading rings 
are installed. As table III will show, this 
is a 50 per cent reduction as compared with 
the 1936 season, although in 1937 the tubes 
were called upon to operate 36 per cent 
more frequently. 

The field data on repeated operations 
and multiple strokes presented in the 
paper, indicate that the chances of any in- 
dividual tube having a large number of 
repeated operations is remote. Except in 
possibly a limited number of cases where 
unusually high line exposure to lightning 
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exists, this is in agreement with conclusion 
2 of the paper. 

Moreover, on lines having an unusually 
high impulse spark-over level, advantage 
can be taken of the surplus margin of pro- 
tection offered by the tube in order to re- 
duce the number of tube operations to a 
minimum, This is accomplished by in- 
creasing the protector tube series gap setting 
above normal, so that the impulse spark- 
over is also increased.? Care should be 
taken, however, to allow not less than 20 
per cent margin of impulse protection to the 
line insulation. By this procedure, the lesser 
magnitude surges would not cause unneces- 
sary tube operations, but at the same time, 
the protection level of the tube would be 
adequate to prevent insulator flashovers or 
outages. For the first few structures out 
from stations, however, it is probably de- 
sirable to retain the normal series gap set- 
tings in order to minimize the magnitude of 
impulse waves entering the station. 

As the authors point out, the principal 
objective of protector tubes is the protec- 
tion of a line from lightning flashover and 
resultant line outage. Table X shows pro- 
tector tubes have reduced line outages over 
50 per cent on the average, with a reduction 
as high as 89 per cent in the case of one 
line. It is particularly significant that 132- 
kv protector tubes of modern design in- 
stalled on one circuit of the Philo-New- 
comerstown-Canton line, a distance of 74 
miles, double circuit outages have been en- 
tirely eliminated over a two-year period. 
Prior to the installation of protector tubes 
on the one circuit, this line had an average 
of 3.66 double circuit outages per year 
over the preceding nine years. 
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K. B. McEachron (General Electric Com- 
pany, Pittsfield, Mass.): One might infer 
from the last sentence of the section entitled 
“Multiple Strokes” that the polarity of the 
line might be expected to have some control 
over which conductor would be struck. 
There seems to be no good justification for 
such a point of view. Rather, it is assumed 
that as a rule the ground wire will be struck, 
but which tube operates as the tower po- 
tential rises is determined to a considerable 
degree by conductor polarity at that instant. 

Table XII shows all of the data plotted 
with respect to polarity of the protector- 
tube follow current. Considering the suc- 
cessive discharges of a multiple stroke as a 
single discharge, follow current occurred 178 
times when the conductor involved was 
positive, 102 times when it was negative, 
and 20 times when the potential was re- 
corded as zero. The per cent positive, 
negative, and zero are 59.8, 33.5, and 6.7. 

Considering only those discharges which 
involved but one phase, it is found from 
table XII of the paper that 50 times the 
polarity of the follow current was positive 
and 12 times it was negative. This is 
shown in table I. 

The number of successive discharges as 
shown in figure 4 vary up to 12 asa maxi- 
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Polarity of Follow Currents When 
One Phase Only Is Involved 


Table I. 


Polarity of Follow Current for 
Multiple Strokes Single Strokes 


Total 
Phase Posi- Nega- Posi- Nega-_ per 
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mum. Sixteen per cent of all the strokes 
and 61 per cent of the multiple strokes con- 
sisted of at least three discharges, while 4 
per cent of all strokes and 15 per cent of the 
multiple strokes had at least five discharges. 

Lewis and Foust! have found that of 358 
strokes recorded during the years 19384, 
1935, and 1936 through tower legs of trans- 
mission lines, approximately 95 per cent 
were negative. Sufficient data are now 
available both from the present investiga- 
tion and in the laboratory,” so that it is 
quite certain that the most positive con- 
ductor will in general flashover first with a 
negative impulse applied to the tower or 
ground wire. This follows since the im- 
pulse and the system potential to ground at 
that instant are additive if the impulse is 
applied to the tower end of the insulator 
string. 

Perhaps the fact that 95 per cent of the 
strokes are negative, while but 81 per cent 
of the follow currents with one phase in- 
volved are positive, is partly explained by 
the possibility of a small but unknown 
number of strokes to line conductors rather 
than to the ground wire. From table XII, 
it is found that phase 1 had 24 positive and 
5 negative follow currents when but one 
phase was involved, phase 2 had 17 positive 
and 6 negative, while phase 3 had 9 positive 
and 1 negative follow currents. The top and 
bottom phases, which are phases 1 and 3, 
had 83 per cent and 90 per cent positive 
follow currents, while the corresponding 
figure for the middle phase was 74 per cent. 
This might indicate that the middle phase 
conductor was struck more frequently than 
the others. However, the data are not 
sufficiently good to draw such a conclusion 
definitely. 

According to Bewley,? the coupling fac- 
tor between the ground wire and the line 
conductors would be 0.278, 0.205, and 
0.160 for the top, middle, and bottom con- 
ductor. On this basis, one would expect 
the bottom protector gap to operate first, 
since the coupling is only a little more than 
half that of the top conductor. 

However, the data show that the top con- 
ductor (table I of this discussion) had single 
follow currents involving one phase only 29 
times, while the middle and bottom con- 
ductors were involved 23 and 9 times, re- 
spectively. If it is assumed that negative 
follow currents mean strokes to the con- 
ductor when but one phase is involved, and 
further assumed that as many strokes 
occurred to the single conductor when posi- 
tive as when negative, it might be inferred 
that the top phase conductor was struck 10 
times, the middle conductor 12 times, and 
the lower conductor 2 times. On this basis, 
the ground wire was struck 27 times, con- 
sidering the data of table I. This sort of 
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analysis represents considerable specula- 


tion, and is probably pessimistic with re- 


spect to the number of times the ground wire 
was struck. 

Another factor which ought to be men- 
tioned is the effect of distance to ground. 
The ground ends of the insulators on the top 
phase are approximately 25 feet further from 
ground than the bottom conductors, which 
of course acts to increase the potential 
across the top expulsion protector tube com- 
pared with the others, and might be of 
importance if the applied wave were steep 
enough. 


NuMBER oF ConpuUCTORS INVOLVED 


If the number of phases which carry im- 
pulse current as a result of protector tube 
operation is an indication of the amount 
of current in the stroke, then the data 
given in table II seem to show that the 
multiple stroke is likely to contain more 
current than the single stroke, since of the 
discharges of the multiple strokes 35.7 per 
cent involved one phase, while 39.8 per 
cent involved two phases, and 24.5 per cent 
all three phases. The corresponding per- 
centages for the single discharges are 52.3 
per cent single phase, 37.0 per cent two 
phases, and 10.7 per cent three phases. 
Only 3 out of 13 multiple strokes, in which 
three conductors were involved simultane- 
ously, began with less than three tubes 
operating at once. This seems to indicate, 
based on these data, that the first discharge 
of the multiple stroke is likely to carry cur- 
rent at least equal to or greater than that in 
the succeeding discharges. 
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E. J. Wade (General Electric Company, 
Pittsfield, Mass.): The paper by Messrs. 
Sporn and Gross is a valuable addition to 
the field data on the performance of pro- 
tector tubes. An attempt will be made in 
the present discussion to show that the data 
seem to indicate a definite relation between 
the number of expulsion tube operations and 
tower ground resistance, and also that the 
number of tubes which had repeated opera- 
tions is in close agreement with the number 
which would be predicted, based on the 
theory of probability, which allows an esti- 
mate to be made regarding the number of 
discharges through tubes due to multiple 
strokes. 
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Figure 1. Effect of tower ground resistance 
on expulsion-tube operations 


Examining first the effect of ground re- 
sistance, figure 1 of this discussion has been 
plotted to show the relation between aver- 
age ground resistance and the number of 
tube operations per year for the Glenlyn- 
Roanoke and Roanoke-Danville lines. Since 
there is a definite difference in the ground 
resistance of the two halves of the Roanoke- 
Danville line, the two sections on either side 
of Fieldale have been considered separately. 

As shown on the graph, these data may be 
well represented by a straight line passing 
through approximately 50 operations per 
100 miles per year at zero tower resistance. 
If this interpretation is accepted, it means 
that the difference in the number of tube 
operations on the two halves of the Roa- 
noke-Danville line is due to variation in 
ground resistance and not to a difference in 
lightning severity as suggested in the paper. 
Where the resistance is higher there is more 
tendency for adjacent tubes to operate and 
less stroke current is required to cause opera- 
tion at the tower which is struck. The 
point of intersection with the ordinate at 
zero tower resistance may be an indication 
of the number of strokes which contact the 
line conductors. A similar analysis was 
made with regard to strokes contacting the 
line conductors and the relation between 
ground resistance and insulator flashovers in 
a discussion by S. M. Zubair (ELECTRICAL 
ENGINEERING, volume 55, pages 277-9). 

Considering the number of tubes which 
may be expected to operate more than once, 
and assuming that any tube on the circuit 
is equally likely to be struck, regardless of 
whether or not it has previously operated, 
then the law of independent trials will 


apply. This is closely approximated by 
Poisson’s law which may be written: 
en? (m We 
P (“= ae the chance which a 
n 
given tube has of being hit x 
times in m trials 
p = chance that a particular tube will 
operate on any one stroke 
1 


number tubes installed 


Probability Calculations 


Tube Operations 


Period 


One Two (Years)~ 


Three Four 


ee Ee eee 


Table II. 
Number 
Tubes 

Line Installed 
Glenlyn-Roanoke......... SLO ere res Calculated... 
Mieldiarocnce 
Fieldale-Danville......... AD csrevects Calculated... 
Field coon 

Roanoke-Fieldale......... GOD Se fieuelortte Calculated 

Field accesses 
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n = number of times each tube 
operates 

m = total number of operations of 
tubes for the period being con- 
sidered 


Applying this to the Roanoke lines using 
the data from tables II, III, and IV of the 
paper, the results shown in table II of this 
discussion are obtained. The good agree- 
ment which is shown with the field data 
indicates that tube operations follow rather 
closely the probability law. The reason 
for the increasing discrepancy as the number 
of operations per tube increases is probably 
due to a few places on the lines which have 
unusually high exposure. This calculation 
is shown in figure 2 of this discussion carried 
out to a period of 32 years. It will be seen 
that the number of tubes which had six or 
seven repeated operations is very small 
even after a long period. 

These calculations may be taken as an 
indication of the number of tubes which 
would operate on a line passing over level 
country where the storms are equally dis- 
tributed. Of course this represents the most 
optimistic conditions as any line would have 
some degree of unequal exposure. How- 
ever, the calculated values check fairly well 
with the data from the Roanoke lines which 
are over mountainous territory which indi- 
cates that no great discrepancies may be 
expected. 

It is of interest to extend this calculation 
to include the number of discharges through 
tubes due to multiple strokes. Mr. Mc- 
Eachron’s paper shows that approximately 
30 per cent of the strokes over a period of 
years consist of more than one discharge, 
14 per cent of two discharges, 8 per cent of 
three, 4 per cent of four, 2 per cent of five, 
and the remaining 2 per cent of six or more. 

The probability that a tube will have a 
certain number of discharges during a 
given time is the sum of the probabilities 
of each of the various combinations of 
single or multiple strokes which can produce 
the assumed number of discharges. 

For instance, three discharges may be ob- 
tained by three combinations, namely, 


Three ‘‘single’’ strokes, 
One “‘single’’ and one ‘‘double”’ stroke, 


One ‘‘tripie’’ stroke. 
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gure 2. Probability calculation for expulsion tubes operating on 
Glenlyn-Roanoke line (neglecting multiple strokes) 
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NUMBER OF TUBES OPERATING. 


Similarly, for four discharges there are five 
combinations, for five discharges seven com- 
binations, etc. 

The probability of obtaining each of these 
combinations is found by taking the product 
of the probabilities for their components to- 
gether with the probability of not obtaining 
any additional discharges. 

The results of this calculation are shown by 
figure 3 and it appears that the chance of an 
excessive number of tube operations under 
conditions of equal exposure either due to 
successive hits or to multiple strokes is 
very small, since on the average the opera- 
tions will be rather evenly distributed over 
the total number of tubes. However, there 
may be a few cases of tubes having an ex- 
cessive number of operations due either to 
multiple strokes or to high ground resistance 
or to locations of excessive exposure. 

As a result of this study, excessive erosion 
due to a large number of tube operations, is 
very unlikely except in a very limited num- 
ber of cases. This agrees with conclusion 2 
of the paper. 


L. V. Bewley (General Electric Company, 
Pittsfield, Mass.): The data presented in 
this paper show that the protector tubes on 
the top conductors operate more frequently 
than those on the bottom conductor, in spite 
of the fact that the line is equipped with a 
ground wire, and therefore the coupling is 
materially more for the top than for the bot- 
tom conductor, being 0.30 and 0.17 per cent 
respectively. Such behavior also appears to 
be typical of insulator flashovers on lines 
equipped with ground wires.1 There are 
possibly four explanations for such be- 
havior: 

Inadequate Shielding. By shielding is 
meant ground wires sufficiently high and 
properly placed so as to intercept the light- 
ning stroke and prevent termination on the 
line conductors. If the ground wire or 
wires are not adequate in this respect, a 
certain percentage of the lightning strokes 
will evade the ground wires and contact a 
line conductor. If this occurs, it is the top 
or middle conductor most likely to be 
struck. Zubair? has plotted flashovers as a 
function of tower footing resistance, and by 
extrapolating the curve to zero footing re- 
sistance has found the number of flash- 
overs independent of footing resistance. 
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YEARS 
Figure 3. Probability calculation for expulsion tubes operating on 
Glenlyn-Roanoke line (including multiple strokes) 


He assigns, as the reason for these flash- 
overs, direct strokes to the line conductors; 
and arrives at a ‘shielding efficiency.” 
In the case of the Glenlyn-Roanoke line the 
shielding efficiency is 0.77, that is 22 per 
cent of the strokes contacted the line con- 
ductor. Of course some of these flashovers 
independent of footing resistance may have 
been due to midspan flashover rather than 
to inadequate shielding. 

Tower Gradient. McEachron has sug- 
gested in his discussion that tower gradients 
may overcome the difference in coupling 
effect and impose flashover on the top con- 


ductor. Calculation shows, however, that 

a rather high gradient would be necessary 

to accomplish such a result. Let: 

E = instantaneous voltage at top of 
tower and on ground wire 

x = vertical distance from top of 
tower to top conductor 

y = vertical distance between top and 
bottom conductor 

C = coupling factor with top conductor 

C’ = coupling factor with bottom con- 
ductor 

G = gradient down tower in kilovolts 
per foot 


Then the voltages across the top and 
bottom insulators are respectively: 


V =E—Gx—-—CE=E(1 —C) —Gx (1) 


V=E-Get+y)-CE= 
ECL Cy = G(x ye 2) 


The difference in voltage is 
V’—V=E(C — C’) —Gy (3) 


Solving (1) for E and substituting in (3) 
there results 


vv ten(S=2) cya 


The gradient necessary to overcome the 
differential in coupling is that for which 
(V’ — V) = 0, and (4) gives 


C-—C' c-C 
== + = 5 
E v(S—<) (> a= 6 2) ©) 
where V is now the insulator (or protector 


tube) flashover kilovolts of the top con- 
ductor. 
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For example, consider the Glenlyn-Roa- 
noke line which hasa single ground wire and 
for which the coupling factors are C = 0.30 
and C’ = 0.17 for the top and bottom con- 
ductors respectively. The vertical distances 
arex = 10 and y = 26 feet. The discharge 
voltage of the protector tube is about V = 
700 kv. Then by (5) 


Pea Cod e012 
vY 1.00 — 0.30 
0.30 — 0.17 
26 — —-—— 10 } = 5.4 kv per foot 
( °~ T.00 — 0.30 ) cians) 


or a gradient of 5,400 kv per microsecond. 

Induced Voltage. When a direct stroke 
contacts a ground wire it imposes a negative 
potential on the stricken conductor and, by 
coupling, on all other neighboring conduc- 
tors. But the potentials existing on these 
conductors due to the release of their bound 
charges by the lightning discharge are posi- 
tive. This positive potential may or may 
not be greater on the top than on the bottom 
conductor, depending upon the heights of 
the conductors and their coupling factors. 
In the case of the Glenlyn-Roanoke line the 
positive voltage is greater on the top con- 


ductor by 30 per cent. Now let? 

+e = voltage on top conductor due to 
bound charge 

+e’ = voltage on bottom conductor due 


to bound charge 


Then the voltages across the insulators for 
the top and bottom conductors respectively 
are, as in (1) and (2) 


V = E(1—C)—-Grt+e (6) 
Ve EC") = Gey) oe! (7) 
and the difference in the voltages is 


V'—V=E(C —C’) — Gy = €e = e’) (8) 


Thus the bound charge voltages tend to 
neutralize the differential in coupling if, as 
in this case, e > e’. 

“Stolen Flashovers.’’ Operating experi- 
ence has failed to show concrete evidence of 
midspan flashovers, although calculations 
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indicate that they should occur on many 


lines. This has lead to the speculation that 


lightning wave fronts are slower than those 
used in calculations (one or two micro- 
seconds). However, it may be possible, 
and certainly appears theoretically feasible, 
that midspan flashovers do occur, but the 
60-cycle midspan arc is robbed by a subse- 
quent insulator flashover at the tower.’ 
The mechanism of this possibility is envis- 
aged as follows: 

Suppose a lightning stroke contacts a 
ground wire at midspan and flashes over to 
the (top) line conductor. Then waves of 
equal voltage move toward the tower. At 
the tower the voltage on the ground wire is 
reduced to the RI drop of the footing resist- 
ance, but the surge on the stricken line con- 
ductor is not relieved. The insulator, or pro- 
tector gap, then flashes overto the tower. But 
the insulator arc is much shorter than the 
midspan arc, and the latter therefore ex- 
tinguishes, leaving the 60-cycle power arc 
across the insulator. Consequently the 
“evidence’’ exonerates the midspan; al- 
though the midspan flashover really precipi- 
tated the insulator flashover, and an in- 
sulator flashover would not necessarily have 
occurred if one had not taken place at mid- 
span. 
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Philip Sporn and I. W. Gross: As pointed 
out by Mr. Allen, of the 11 external flash- 
overs of tubes on the Roanoke-Fieldale line, 
only three appeared to be what might be 
called complete tube assembly flashovers, the 
other eight resulting from expelled gases 
contacting the line conductor and thus 
short-circuiting one tube only. This condi- 
tion was not experienced prior to the in- 
stallation of the grading shields on the gap 
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end of the V-type tubes. Analysis of tube 
faults at the time the paper was written had 
not brought out this point, and we are glad 
that Mr. Allen has mentioned it in his dis- 
cussion. It appears that this situation can 
be taken care of adequately by an alteration 
in the venting of the tube which certainly 
would be done in present-day new-tube 
application. 

We believe Mr. McEachron has misinter- 
preted our statement at the end of the sec- 
tion on ‘Multiple Strokes,’ or perhaps the 
statement was not made entirely clear. 
What we intended to convey was that since 
the majority of lightning strokes are nega- 
tive it might be expected the positive con-. 
ductor would develop power flashover first 
regardless of whether the lightning stroke hit 
the conductor or ground wire. A _ break- 
down of the data in table XII, however, 
does not indicate that this always is true as 
there are several cases where the faulted 
conductor is of negative polarity. 

The question of coupling, of course, is 
distinctly in the picture, and the discussion 
of Messrs. McEachron and Bewley on this 
point is an interesting speculation of what 
may be expected to occur. In breaking 
down the data of figure 12, however, it does 
not appear that the faults in every condi- 
tion can be justified on this basis alone. 

The phenomenon of the midspan stroke 
has always been one which has appeared 
quite possible in theory but its actual oc- 
currence has heretofore, at any rate not 
been substantiated by field experience as 
determined from physical damage to the 
line. Mr. Bewley’s explanation of how this 
action would take place is most interesting. 
A large mass of data has been collected 
during recent years which, if thoroughly 
analyzed, might throw some further light 
on this subject. 

Regarding Mr. Wade’s analysis of the 
probability of tube operations over a 
period of time, it is interesting to note how 
closely his calculations check with field 
experience. As mentioned in our paper, we 
do not feel, as a result of our own experience 
in the field, that erosion of the tube is a 
factor in determining its life even consider- 
ing the multiple nature of the lightning 
stroke. 
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nee 13 years ago, Doctor L. Drey- 
fus' published a paper on insulation 
design of transformers. In this paper, 
he assumed that electrical breakdown 
adjacent to square edges was a function 
of the stress and the distance over which 
this stress acted; in other words, that it 
was a function of the voltage gradient 
along a line of force for some indeter- 
-minate distance. By means of con- 
formal representation, he was able to de- 
_ termine the field shape at the corners of 
structures representative of those in 
transformers. He could then evaluate 
the strength of these various structures. 
His paper was principally mathematical, 
and it is the purpose of this paper to call 
attention to his work, to restate some 
of his assumptions and the conclusions 
that he reached, and to furnish some 
experimental data. 

In the discussion of the previous paper 
on this same subject, questions as to fun- 
damental data on the dielectric strength 
of oil were raised. Data on this subject 
are included and it is shown that in 
practical transformer structures, Doctor 
Dreyfus’ assumptions seem to be correct. 
The relationship is shown that the break- 
down of barriers involving the use of 
square corners theoretically follows the 
two-thirds power of the barrier thick- 
ness. It is also shown that, due to Dr. 
Dreyfus, quantitative relationships ex- 
isting between different arrangements can 
be found and it is thought that they 
furnish a powerful tool for practical in- 
sulation design. 

The simplest arrangement of edges is 
that consisting of two edges opposite each 
other with various angles of opening a 
and ¢ as shown in figure 1. 

It was found in Doctor Dreyfus’ paper, 
for the assumptions made, that the break- 
down strength would vary according to 
various powers of the distance d. For 
example, for 8 equals 180 degrees and a 
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Corona Voltages of Typical Transformer 
Insulations Under Oil— II 


By F. J. WOGEL 


ASSOCIATE AIEE 


equals 90 degrees (shown in figure 2) the 
strength should vary as d*/*, If 6 equals 
180 degrees and a equals 0 degrees, the 
strength should vary as d!/*. If both 
equal 180 degrees, the strength was shown 
to vary directly as d. In addition, Doc- 
tor Dreyfus showed that for the case 
shown in figure 3, the breakdown strength 
should vary as d*/§, The mathematical 
solution and method of conformal rep- 
resentation can be found by reference to 
Doctor Dreyfus’ paper or a textbook.5 


Experimental Data for Air and Oil 


It is always of interest to check such 
mathematical calculations with experi- 
mental data to see how closely they agree, 
and to see whether the assumptions are 
sound. One such check would be to see 
if the dielectric strength between plane 
surfaces does vary directly with the dis- 
tance. In the case of air, data have 
been published by Schumann,” and checks 
have been made by extrapolating the data 
for spheres and rounded surfaces in air 
(figures 4 and 5). These show that the 
dielectric strength of air between plane 
surfaces does not vary directly with the 
distance, but rather as the 0.92 power of 
the distance. 

Cornered electrodes in air have been 
studied and the results for square-cor- 
nered electrodes are shown on figure 6. 
These results indicate that the dielectric 
strength for air between a square corner 
and plane does vary as the two-thirds 
power of the distance in agreement with 
the theory. 

With the above data for air in mind, it 
is of interest to consider similar data for 
the dielectric strength of oil. Figure 7 
shows data taken on bare rounded elec- 
trodes under oil. By extrapolating these 
curves, it is possible to arrive at the prob- 
able dielectric strength of oil between 


iy a ef 

“iy Mies wanders! 
f 

Figures 1-3. Typical arrangements of elec- 


trodes with corners 
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planes as varying as the three-fourths 
power of the separation, as shown on 
figure 8. These data were taken in oil at 
room temperature, and are minimum ten- 
minute hold values, found by five suc- 
cessive tests at the same voltage. To 
agree with the theory, the variation 
should be directly with the distance. 

Data for conditions approaching square 
corners to a plane under oil have been 
published by Bellaschi,? and his results 
are shown in figure 9. The strength ap- 
parently varies about as the one-half 
power of the separation instead of as the 
two-thirds power. 

The conclusion might now be reached 
that the assumptions made in Doctor 
Dreyfus’ paper would not hold for oil 
alone. However, it is to be noted that 
transformers do not generally use oil 
alone, but various combinations of oil 
and insulating materials. 


Experimental Data for 
Insulation Combinations in Oil 


In the case of insulation barriers, much 
data have been previously published. 
For example, in the previous paper, * 60-cy- 
cle and impulse data for the 23/s-inch and 
48/s-inch barriers were published. In 
these tests, the oil distance from the 
electrodes to the first or adjacent angle 
was varied for both thicknesses. It 
might be expected that the strength of 
the oil, say for a %/s-inch space between 
the electrode and first angle, would be 


DISTANCE BETWEEN PLANES— CENTIMETERS 
] 2 3-0 
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Figure 4. Breakdown voltage in air of sphere 
gaps with varying diameters at constant spacing 
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constant regardless of the barrier thick- 
ness. If so, one of the assumptions in 
Doctor Dreyfus’ theory would be ful- 
filled, and the corona strength should 
vary with the two-thirds power of the 
thickness of the whole barrier; this was 
found to be the case.‘ It is of interest 
that the corona strength of the barrier as 
a whole decreased with increased space 
between the electrode and the first angle. 
The following conclusions can be drawn: 


1. The dielectric strength of oil depends 
greatly on the length of the oil space. It is 
greatly increased in terms of volts-per-inch 
by decrease in the jump distance. 


2. The work of Doctor Dreyfus holds in 
actual transformer structures and the di- 
electric strength varies as the two-thirds 
power of the thickness when the arrange- 
ment and allocation of square corners re- 
mains the same. 


Applications 


Once it has been shown that Doctor 
Dreyfus’ assumptions are valid, a very 
powerful method of analysis becomes 
possible. Experimental work on_bar- 
riers can be performed to determine the 
effect of various arrangements of insula- 
tion adjacent to the corner. For example 
impulse tests were made on a 4°/s-inch 
thick barrier under oil with seven inter- 
leaved angles, and also with only two 
interleaved angles. Also similar tests 
were made with the two angles close to the 
electrode. These barriers were not 
vacuum filled with oil. The impulse 
strengths of these arrangements were as 
follows: 


Impulse Strength 
(Several Shots Only) 


Barrier Arrangement 


Seven angles, equally spaced......... 1,020 
Two angles, separated.............. 990 
Two angles, close together........... 1,200 


These tests show the importance of 
the insulation arrangement adjacent to the 
corner. The designer can determine the 
effect of such simple arrangements of 
various kinds by tests. As described in 
the previous paper, to obtain maximum 
and consistent results, it is essential that 
there be no air included in the assembly. 

Once these data are obtained, Doctor 
Dreyfus has shown in his paper how they 
may be applied in practical designs. 
However, his work was mathematical 
only, and it is easier for a designer to use 
curves than to work out formulas for each 
individual case. Curves for some of the 
simpler cases applicable to practical de- 
sign are shown in figure 10. 

How these data and figures can be used 
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practically for 60-cycle design can be 
demonstrated as follows: 

Let us assume a barrier with an inter- 
leaved angle of one-eighth inch thick 
fullerboard not over three-eighths inch 
from asquare edge. This approximately 


square edge is to be formed by a copper 
strap insulated with 0.120-inch thickness 


RADIUS 
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Figure 5. Corona voltage in air between 

rounded disks and plane, or between rounded 

surfaces, cylinders, etc., and plane at large 
separations 
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Figure 6. Breakdown voltage in air with 
square-cornered electrodes 
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Figure 7. Breakdown voltage in oil between 
rounded surface and plane, 60 cycles 
Heavy curves are for constant separation 
between surface and plane 


Diagonal lines represent constant ratio be- 
tween separation and radius 
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Figure 8. Breakdown voltage in oil between 
plane surfaces 
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Figure 9. Breakdown voltage in oil with 
square-cornered electrodes 


of paper. Approximate data for such 
barriers are shown on figure 11. 

If we wish to determine safe insulation 
clearances, for the corner only, for a core 
type transformer, and for conditions 
where the space between windings and 
hence the reactance, is to be kept a mini- 
mum, we may refer to figure 10, case I. 
If we make H equal to about 2 m, it is 
seen that we can use the fundamental 
data from figure 11 multiplied by 0.93. 
It appears useless to make H, the distance 
to the yoke, much more than three times 
the space between windings. However, 
it may be desirable, for shell-type trans- 
formers, to keep the space between wind- 
ings and to the iron the same. To meet 
277-kyv tests, with no factor of safety, a 
clearance of 27/, inches for core type, or 
3.6 inches for shell type transformers 
might be used. These values, of course, 
should not be used in actual design but 
are given for illustration of the method 
only. 

Let us suppose that we desire to make 
a core-type transformer with a thin high- 
voltage coil as used in some types of 
series transformers. If the coil were to 
consist of a single layer, say one-half inch 
thick, we might apply the data from fig- 
ure 10, case IV. If we assumed three 
inches for m, the ratio h/m would be 
1/, or 0.167. From figure 10, the factor 
is 0.88. From figure 11, a three-inch 
separation would result in 315 ky 
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Figure 10. Effect of field form on insulation 
breakdown in oil of square-cornered electrodes 


V = LV) for cases |, II, and IV 

V = QLV, for case III 

where Vo equals breakdown in oil between 
sharp corner and flat plate 


strength. Multiplying by the factor 
0.88 would give 277 kv strength as in the 
previous cases. 

It is clearly seen that factors for various 
conditions can be determined either ex- 
perimentally or mathematically. Thor- 
ough tests to determine the dielectric 
strength on one simple typical corner 
construction will then furnish very com- 
plete information for design purposes. 
The use of this method is not confined to 
60-cycle design alone, since it can be 
shown that it is equally well applicable 
to impulse-strength calculations. 


Conclusions 


The work of Doctor Dreyfus and the 
tests reported in this paper both show 
that the arrangement of the insulation 
at the corners of transformer windings is 
of great importance to the designer, and 
that to obtain the greatest strength the 
area under greatest stress must obviously 
be free from air. If this condition is ob- 
tained, consistent test agreement with 
the theory for square corners can be ob- 
tained, and so-called ‘‘form factors” can 
be developed for design purposes. Ex- 
perimental data for one reference con- 
dition can be derived which will be useful 
in general applications, and with “form 
factors’ it is unnecessary to make count- 
less other tests for every variation in 
design proportions. 
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Discussion 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): Mr. Vogel has 
presented some valuable fundamental data 
on the laws of the breakdown voltage versus 
spacing of air and oil. I shall confine my re- 
marks to the dielectric characteristics of oil, 
as air is seldom used as an insulating medium 


in power transformers other than around the 
outside porcelain of the bushings. 

My experience and data have borne out 
quite well the laws derived by Dreyfus, 
namely, that for nonuniform fields the 
breakdown voltage of oil varies approxi- 
mately as the spacing raised to the 2/3 
power, and for uniform fields the breakdown 
voltage varies approximately as the first 
power of the distance. My work was inde- 
pendent of Dreyfus’ work. 

Figure 1 of this discussion shows that 
with 12-inch vertical disks having one-inch 
radius on the edges, the breakdown voltage 
of oil varies as the 0.92 power of the distance. 
These electrodes produced a fairly uniform 
field. I am at a loss to know why Mr. 
Vogel’s values shown in his figure 8, giving 
breakdown in oil between plane surfaces, 
are so much lower than my values. I note 
that Mr. Vogel’s breakdown voltage varies 
as the 0.77 power of the distance which does 
not agree either with Dreyfus’ prediction, or 
with my data (0.92 power). 

Figure 1 also shows to what extent the 
breakdown varies for a given distance with 
and without pressboard in series with the 
oil. For example, the highest breakdown is 
obtained with a thin sheet of pressboard 
adjacent to each electrode in a vertical posi- 
tion. The lowest breakdown occurs with 
these electrodes (bare) in a horizontal posi- 
tion. The insertion of 3/js-inch pressboard 
either half-way between the electrodes, or 
against one electrode only, has very little 
effect on the breakdown as obtained with 
oil alone in the gap. 

Figure 2 of this discussion shows the 
effect of the position of the two ten-inch 
electrodes on the breakdown of oil. These 
curves show that when the electrodes were 
horizontal, the breakdown varied as the 2/3 
power of the distance. With the electrodes 
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Figure 1. One-minute 60-cycle tests; breakdown voltage of oil between 12-inch disks in 
vertical position (unless otherwise specified) 


Temperature 25 degrees centigrade 
One-inch radius—oil strength varied from 28 to 33 kv 
(One-inch disks, 0.1-inch gap) 


Spacing Number of 

(Inches) Tests Made 
1/59-inch board + 15/15 inch oil + 1/ss-inch pressboard 1 3 

= SF ier : : 3/3 and 1 14 and 25 
o- 13/32 inch oil + %/16-inch pressboard + 18/32 inch oil 1 1 
-o 3/;5-inch pressboard + 13/16 inch oil : i 


x  Ojl (electrodes horizontal) 
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vertical, the breakdown varied directly with 
the distance. The difference was due, no 
doubt, to the fact that impurities and gase- 
ous bubbles have a better chance to bridge 
the gap between horizontal electrodes than 
between vertical electrodes. Other tests, I 
believe, have shown that with deaerated 
pure oil there is no difference in the break- 
down between vertical and horizontal elec- 
trodes. This is a factor which was not 
taken into consideration by Dreyfus’ work, 
and it shows that breakdown will not al- 
ways follow predictions under all condi- 
tions. 

Figure 3 of this discussion shows the 
effect of the shape of the electrodes on the 
breakdown voltage of oil. Briefly these 
curves show that: 


1. The highest breakdown is obtained with large 
vertical disks having well rounded edges. 


2. The lowest breakdown is obtained with a 
needle point and a plane. 


3. With the exception of the upper curve A, the 
breakdown varies very closely with the spacing 
raised to the 2/3 power (slope of lines = 2/3 on log 
log paper). 


Mr. Vogel’s figure 11, showing break- 
down of a typical interleaved barrier, checks 
very well my data on breakdown between 
interleaved windings where the dielectric 
field concentrates on the edges of the out- 
side coils of each group. 

These low breakdown values are typical 
of a construction having unprotected edges 
of coils surrounded by oil, which give off 
corona and break down at much lower volt- 
age than would be required in an approxi- 
mately uniform field. The importance 
of protecting electrodes (or windings) 
against low corona voltage by properly in- 
sulating them, was brought out in my 
AIEE paper on ‘‘Co-ordination of Trans- 
formers for Steep Front Waves,’ and pre- 
sented at last winter’s convention. Briefly, 
with a square edge line end electrode, corona 
occurred as low as 60 to 65 per cent of the 
single impulse voltage application strength, 
while with a proper design of the line end 
electrode the breakdown point was not only 
increased but corona did not occur until 
approximately 80 per cent of the single-shot 
kilovolt strength was reached. 

With ideal electrodes, distances far be- 
low those shown in figure 11 are possible. 
For example, a 138-kv oil-filled cable uses 
only approximately °/:5 inch of paper be- 
tween the cable and lead sheath. In con- 
trast with this, figure 11 of Mr. Vogel’s 
paper shows that in an interleaved design a 
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Figure 2. Break- 
down voltage of oil 
between __ ten-inch 


disks, 60-cycle one- 
minute tests 


Temperature 25 de- 
grees centigrade 


Each point average 
of five tests 


distance of 2.5 inches will fail at 277 kv 
which is the test voltage of a 138 kv trans- 
former. In other words, the distance used 
must be (for a reasonable factor of safety) 
from six to eight or ten times that used in 
oil-filled cables. While the minimum dis- 
tance as used in cables can probably never 
be obtained in transformers, on account of 
less ideal electrodes, it is possible with con- 
centric windings to come nearer to the 
ideal flux distribution than the arrangement 
shown in figure 11. 

From the standpoint of obtaining uniform 
dielectric fields between windings, the con- 
centric type of winding offers many advan- 
tages to the designer, especially in cases 
where: the line connection is brought out 
from the middle of the stack and the ends of 
the stack are grounded. There are no sharp 
corners to be protected and the dielectric 
field between windings is quite uniform. 

With this type of winding even when the 
line coils are on the ends of the stack, there 
are never more than four corners where the 
dielectric field must be improved and these 
can easily be taken care of by the buffer 
coils specially designed to keep the stresses 
below the corona point. 


F. J. Vogel: It seems to me that Mr. 
Montsinger, in his discussion, has lost sight 


A—Twelve-inch disk ee) 


of the principal conclusion. That is, that 
for similarly shaped square-cornered elec- 
trodes, in combination with insulation, the 
corona point and dielectric strength vary as 
the dimensions to the ?/; power. Even 
where the edges are rounded slightly, simi- 
lar laws hold. The use of ‘form factors” 
provides the designer with a tool which 
enables him to vary proportions with se- 
curity and with a minimum of fundamental 
experimental testing. 

Mr. Montsinger has drawn his conclusions 
with regard to the breakdown of oil be- 
tween plane surfaces from data at two rela- 
tively small separations, and by average 
breakdown tests. I think the reason for the 
discrepancy in values mentioned by Mr. 
Montsinger is due to the method of test. 
The tests reported in my paper were the 
minimum of five ten-minute hold tests in- 
stead of average breakdown tests. This 
explains both the difference in values and in 
the variation of dielectric strength with dis- 
tance. It is of interest that for small sepa- 
rations, the breakdown voltage is not 
greatly affected by the use and location of 
fullerboard barriers. This is not the case 
with larger separations or if corona voltage 
instead of breakdown voltage is taken into 
consideration. 

Figure 3 combines on one sheet data on 
many different arrangements. They are of 
interest in not being consistent. Oil, not 
deaerated, nor carefully processed, varies 
greatly in dielectric strength. Curve B 
exceeds curve A at small separations. They 
should merge together if the breakdown 
voltage between planes varies directly as the 
distance. Either the values from B for 
small separations are too high, or the values 
from A for small separations are too low. 
The dielectric strength of oil between planes 
does not vary directly as the distance be- 
tween them if the latter is true. 

Curve E£, figure 3, is for an electrode con- 
dition similar to figure 9 of my paper, and it 
is noted that Mr. Montsinger’s data are 
lower than mine for small separations and 
approximately the same for two-inch separa- 
tion. 

In the application of these data to de- 
sign, it has been found that the corona value 
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Figure 3. Sixty-cycle breakdown voltage of oil with different electrodes, one-minute tests 


Twenty to 25 degrees centigrade 


Oil strength ranged from 25 to 30 kv (one-inch electrodes, 0.1-inch gap) 
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Systematic Voltage Surveys—Procedure 


and Application to Distribution Design 


By R. W. BURRELL 


ASSOCIATE AIEE 


ITH the development of systems 

of distribution supplying light, 
heat, and power from common mains, 
the problem of maintaining proper volt- 
age at consumers’ services has become 
extremely difficult. The efforts of dis- 
tribution engineers in solving system 
voltage regulation problems have ex- 
tended in many directions. To facili- 
tate these solutions, a need has been felt 
by many distribution engineers for some 
means of clarifying the approach to the 
voltage-regulation problem. The  sys- 
tematic voltage survey, by presenting a 
comprehensive view of service voltage 
conditions, has been found, by utilities 
which make such surveys periodically, 
to serve this purpose effectively. This 
paper presents a procedure for conduct- 
ing systematic voltage surveys, based on 
the practice of various electric utilities, 
and a brief discussion of the application 
of voltage-survey data. 

Distribution systems are not static, but 
are in a continual process of develop- 
ment. In the course of rearrangements 
occasioned by load growth, some primary 
and secondary mains become too long, or 
overloaded, or distribution transformers 
become overloaded, with resultant ad- 
verse effect on regulation standards. To 
maintain voltage within system regu- 
lation standards under these conditions, 
the distribution engineer must have some 
method of ascertaining the status of serv- 
ice voltage conditions over the entire 
system. Because of the variable factors 
involved, it is impractical, if not im- 
possible, to calculate with any degree of 
accuracy the value of voltage at con- 
sumers’ services, involving as this may, 
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approximations of load on primary 
laterals, distribution transformers, sec- 
ondaries, and services. The systematic 
voltage survey is an effective means of 
obtaining this information, and has 
proved to be a material aid to the dis- 
tribution engineer in providing good volt- 
age service. 

The procedure involved in making a 
voltage survey necessarily varies among 
different utility systems in accordance 
with individual system requirements. 
Data received from various companies 
regarding voltage survey practice indi- 
cate, however, that there is considerable 
uniformity in the consideration of cer- 
tain fundamental aspects. 

In considering plans for making a volt- 
age survey for the first time, engineers 
are concerned with certain phases which 
may be divided into the following cate- 
gories, namely, 


(a) Preliminary engineering considerations. 
(6) Preparation of data for field test forces. 
(c) Procedure for field testers. 

(d) Recording of tests, classification and 
tabulation of results. 

(e) Analysis and application of data. 


Preliminary Engineering 
Considerations 


The value of a voltage survey is pri- 
marily dependent on the relative ac- 
curacy and the completeness with which 
the information obtained presents an in- 
dication of the true status of voltage 
conditions on the system. To insure the 
effectiveness of the survey from the stand- 
point of the final engineering use to be 
made of the data obtained, careful con- 
sideration must be given to the type of 


and breakdown value can be made prac- 
tically equal. At any rate, the ratio be- 
tween corona voltages, impulse and 60 
cycle, can be made the same as the ratio 
between breakdown voltages, impulse and 
60 cycle. It is easily seen that if there is a 
definite ratio, that voltage values for im- 
pulse tests can be established from the 
present 60-cycle test values and should be 
consistent. The value of 80 per cent as 
applied to the ratio between corona and 
single-shot kilovolt strength is not repre- 
sentative of “proper design.” 

The comparison of concentric types of 
winding with interleaved types is unfor- 
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tunate, since the number of square corners 
is just the same (four) on the usual core 
type as in the shell-type winding with two 
high-voltage groups. However, no merit is 
seen in the number or lack of number of 
such corners since one or 20 can be insu- 
lated in the same way. Theoretically, some 
reduction in space between high-voltage 
and low-voltage windings can be made 
where the high-voltage lead is brought out 
at the center of the coil stack, but the out- 
side shield and its insulation required to 
obtain a satisfactory voltage distribution 
also takes space and offers difficulties 
avoided by other types of design. 
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readings desired, location and number of 
readings to be taken, time of taking read- 
ings, etc. 


TYPES OF READINGS 


There are two basically different types 
of voltage surveys—those taken by means 
of graphic instruments, and those taken 
by means of indicating instruments. 
Although the cost of a voltage survey is 
on the whole increased by the use of 
graphic instruments, the added cost is 
offset by the fact that a complete record 
of voltage variations and fluctuations 
over a 24-hour period is available, which 
in many cases adds greatly to the under- 
standing of the regulation problem. On 
the other hand, the use of indicating in- 
struments speeds up a voltage survey and 
allows the use of a less highly trained 
personnel. The element of completeness 
is taken care of by increasing the number 
of readings taken. In this connection 
it may develop that a large number of 
indicating readings thoroughly covering 
an area will prove of greater value than a 
limited number of graphic records taken 
at a few points only, as the few graphic 
records may fail to disclose the extent of 
the poor voltage conditions. As a rule, 
a large number of indicating readings 
taken in an area should not fail to disclose 
low spots and high spots; and where 
conditions are suspicious, they may be 
supplemented by the more thorough 
graphic charts. This is usually the prac- 
tice of companies which standardize on 
indicating readings. 

The use of graphic instruments permits 
a check on the average voltage supplied 
to a consumer, which is important as it is 
desirable that the average voltage sup- 
plied by a system shall match the rated 
voltage of equipment for best service to 
the consumer. Nevertheless, most sys- 
tems have set up limits of voltage sery- 
ice and their experience has been that 
if the greater part of the service voltages 
are kept within these limits, as indicated 
by spot readings, the average voltage 
supplied to the services will not deviate 
greatly from the system nominal voltage. 


LOCATION AND NUMBER OF READINGS 


In arranging the details of survey pro- 
cedure, a most important point to be de- 
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cided is the location at which readings 
should be taken. The voltage which in- 
fluences the operation of equipment is 
that which is directly supplied to the 
terminals of the equipment; however, it 
is not practical, for example, to measure 
the voltage at the lamp sockets. The 
next best point, therefore, is considered 
to be at the consumer's service switch. 

Practical considerations preclude tak- 
ing voltage readings at all services. The 
number of readings taken should be suf- 
ficient, however, to represent a fair sam- 
pling in order that the results may be 
indicative of the conditions existing. To 
facilitate subsequent corrective meas- 
ures, readings should be taken at a suf- 
ficient number of service points to dis- 
close whether subnormal voltages are 
caused by primary circuits, secondary 
mains, or services. On radial systems 
readings should be taken at the consumer 
nearest each transformer and at a con- 
sumer at the end of at least the longest 
secondary branch. Where a secondary 
has several branches of unequal loading 
or a complicated configuration, judgment 
may dictate that more than one branch 
reading be taken. Special conditions 
may warrant taking additional readings 
at various points along the secondary. 

A careful analysis of secondary lay- 
outs, in establishing a voltage-survey 
procedure, will do much to eliminate un- 
necessary readings. Where considerable 
growth is taking place on a secondary sys- 
tem, a certain amount of secondary re- 
arrangement is made from year to year 
and successive voltage surveys must be 
made to conform. On the other hand, it 
has been found good policy in making 
successive surveys to choose locations in a 
consistent manner, and where no re- 
arrangement has been made, to choose ap- 
proximately the same locations as before 
in order that yearly comparisons of re- 
sults may be more closely indicative of 
actual change. 

On network systems many of the same 
points hold. As network secondary 
grids are fairly uniform in arrangement, 
a reading at the first consumer off the 
transformer and at one or two interme- 
diate points between transformers gener- 
ally suffices. Where the network grid is 
incomplete, additional readings on long 
spurs may be desirable. 


NUMBER OF READINGS 
AT INDIVIDUAL LOCATIONS 


The decision must be made as to 
whether or not all possible line-to-neutral 
readings should be taken at each loca- 
tion. Practice naturally differs, but 
with indicating instruments, particularly, 
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the additional time and expense involved 
in taking more than a single line-to- 
neutral voltage would appear to be justi- 
fied by the information obtained regard- 
ing voltage unbalance. For this reason, 
where a choice of consumer locations is 
available, three-wire services are to be 
preferred to two-wire services. In the 
case of three-phase secondaries the read- 
ings should be taken, wherever possible, 
on a three-phase service. It may be de- 
sirable to read the line-to-line voltages 
as well as the line-to-neutral values—the 
former for reference and check purposes, 
the latter for comparative records. 


TIME AT WHICH 
READINGS ARE TAKEN 


In a district which is predominantly 
residential, the peak load will usually 
occur at some hour during the evening in 
the winter. If a district is on the average 
an industrial district, the peak load will 
usually occur at some hour during the day 
and may be either in the summer or in 
the winter. There may be some resi- 
dential load in an industrial district and 
some industrial or commercial load in a 
residential district, but if these loads 
make up only a small portion of the en- 
tire area, the expense of surveying them 
separately may not be justifiable. In 
general, the readings should be taken at 
the time the peak load is occurring in the 
district. 

The time of the year and the extent 
of time over which the survey will be 
conducted will be determined ordinarily 
by the load characteristics of the system 
and the personnel available for carrying 
on the field work. Common practice is to 
schedule the ordinary lighting-load sur- 
vey over the winter months and the sur- 
vey on industrial loads and summer re- 
sorts over the summer period. This 
allows a year-round distribution of work 
on the field test forces. It has been 
found convenient by some systems to 
schedule daytime industrial-load read- 
ings as well as night lighting-load read- 
ings over the “winter peak” period to fit 
in better with the routine work of the 
field forces and relieve special personnel 
requirements. 

Where seasonal variation of load over 
the “winter peak” period is limited, it 
may be feasible to schedule the voltage 
survey for any time during the period 
from October to April. If the load varia- 
tion is considerable, it still may be de- 
sirable to take readings over a long period 
and correct voltage readings for varia- 
tion of system demand. Such voltage 
readings can be corrected to allow for 
the difference between the feeder load 
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at the time the readings were taken and 
at the time of feeder peak. 

Generally speaking, readings in resi- 
dental areas will be taken on week-day 
nights from 6:00 to 10:00 p.m. It may 
be desirable to take readings in store- 
load districts on Saturday nights. In 
industrial districts readings may be taken 
between 9:00 a.m. and 4:30 p.m. with 
allowance for the noon-day load dip. 
Where there is any doubt, an analysis 
of feeder load characteristics will indicate 
the desirable time for a particular area. 
Corrections for ‘‘off time” readings are 
not generally made, unless they are found 
on the “‘border line.”’ 


Preparation of Data 
for Field Test Forces 


With the question of type of data de- 
cided, thought must next be given to the 
procedure for obtaining the data. 

Prior to the beginning of field opera- 
tions a certain amount of engineering 
study will generally be found necessary. 
The territory should be divided into the 
districts by which it is desired to keep 
records. Whether the territory consists 
of a closely built up urban area or an ex- 
tended system with natural divisions, 
it will usually be found advantageous to 
proceed with the survey in terms of such 
districts as best fit the system, such as by 
towns, substation districts, or arbitrary 
divisions used in connection with existing 
operating records. For convenience it 
may prove advantageous to subdivide the 
major divisions to correspond to the group- 
ing of secondary circuit maps. Tabu- 
lation of the readings by districts, adopted 
on this basis, will facilitate the an- 
alysis of voltage conditions and help in 
the consideration of plans for system 
reinforcements. Further tabulations can 
be made according to types of load, for 
example, residential-commercial and in- 
dustrial readings. 

Some form of indication must be de- 
vised to indicate to the field forces where 
and when readings are to be taken. This 
can be done by using secondary maps as 
the direct medium of designating the 
locations at which readings are to be 
taken, as illustrated in figure 1. These 
secondary plates are designated by plate 
numbers to which the survey records 
are indexed. 

A procedure for using these plates in 
connection with indicating readings is as 
follows: A volume, consisting perhaps 
of approximately 100 blueprint plates 
covering a district, can be inspected by 
one or more engineers familiar with the 
secondary system to determine the lo- 
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Figure Qa. A-c radial-system voltage survey, 
Verona district. Night readings 


NORMAL 99.5% IHIGH O18 


LOW 0.4 % | 


AVERAGE 


122.5 volts | 


PER CENT OF READINGS 


SECONDARY VOLTAGE 


Figure 2b. A-c network-system voltage survey 
Night readings. Summary of all districts 


(As) 
t+—PERMISSIBLE SPREAD —> 
20 
wn 
oO 
z 
a 
—¢ 
5 
io 
oO 
= 
a 
WwW 
YU 
0 
Ww 
Gs 
5 
g 
Olea ra Y 
Zo 44°08 425 0 9-25-46 8 Sen 
25 = Lear 
rs DEVIATIONS FROM NOMINAL VOLTAGE FS 
5° Sy 
= = 
Figure 2c. Service entrance voltages during 


principal lighting hours, district A 


cations at which readings should be 
taken. These locations can be indicated 
by arrows on the secondary plates as 
shown in figure 1, using a color code for 
the arrows, for example, as follows: 


Network System 


Night readings (lighting load)—yellow 
Day readings (industrial load)—green 
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Figure 3. A-c radial-system voltage survey 
Readings outside normal range 
Summary of all districts 


Figures 2 (left) and 3 (above). Typical charts 

summarizing service voltage conditions on the 

distribution system as disclosed by the voltage 
survey 


Radial System 


Night readings (lighting load)—red 
Day readings (industrial load )—white 


The differentiation by colors between 
network and radial systems will aid in 
the final classification of readings for 
tabulation purposes. The field forces 
are interested only in the distinction 
between day and night readings. 

After a volume has been ‘marked up”’ 
for locations, box forms should be stamped 
on the blueprints, using contrasting in- 
delible ink, adjacent to the arrows, as 
shown in figure 1. The box forms should 
be large enough to contain the readings 
recorded by the testers. After a suf- 
ficient area has been covered, the marked 
up plates should be sent out for field 
readings. 

The plates should be marked up and 
forwarded to the field forces in the order 
in which it is desired to cover the system. 
The variation between peak loads in dif- 
ferent districts can be considered and in 
some cases certain districts can be re- 
served for the later part of the survey to 
allow for the completion of certain system 
arrangements, substation cut-ins, feeder 
changes, etc. 


Procedure for Field Test Forces 


Voltage surveys covering large systems 
involve a considerable amount of field 
work. Although the test procedure is 
no different from that of routine tests, the 
personnel requirements are not so readily 
solved and may have a material influence 
on the specific form of procedure adopted. 

The number of field men required de- 
pends mainly on whether graphic or in- 
indicating instruments are used and the 
length of time over which the survey is 
extended. Graphic instruments require 
the use of more experienced testers to 
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set up the instruments, see that the pens 
are inking properly, and to check the 
calibration of the graphic instruments. 
Where several graphic instruments are 
to be set up at a location, a crew of two 
men may not average more than one 
location per hour. Although locations 
may be farther apart on radial systems 
than on network systems, the time factor 
is partially balanced by the preponder- 
ance of three-phase locations on the net- 
work, which require more instruments. _ 

In using graphic instruments, the peak- 
hour limitations are avoided, as the in- 
struments are generally set for 24 hours 
and can be installed at any convenient 
time. Test crews therefore are able to 
spend a greater proportion of time in the 
field than is possible with indicating in- 
struments, especially when readings are 
confined to the hours of 6:00 to 10:00 
p.m. 

Transportation of instruments by truck 
is desirable in connection with a graphic 
instrument survey. A light delivery 
truck can be used to deliver instruments 
at a dozen or so locations, with the field 
crews following by foot, trolley, or bus. 
A routing sheet will indicate to delivery 
crews and installation crews the locations 
to be covered by each. 

The use of indicating instruments re- 
quires less time per location. The num- 
ber of locations covered per man may 
average four or more per hour. The 
equipment carried by these men should 
be as light in weight as possible, con- 
sisting of not more than a voltmeter, 
leads, a small tool bag, and maps. A 
temperature correction curve for the 
voltmeter should be included as consider- 
able variation in temperature may take 
place during an entire survey period, 
affecting readings as much as one or two 
volts. Indicating voltmeters should be 
tested daily for accuracy. 

Each tester can be given a new set of 
maps daily, leaving the unfinished read- 
ings of several testers from the previous 
day to be completed by testers traveling 
in trucks. During severe winter weather 
or when taking readings in remote or 
scattered areas, the work can be expe- 
dited by operating multiman crews from 
trucks. 

Each tester should make out a route 
record in duplicate, indicating the dis- 
trict in which the days work is to be done 
and the number of prints taken out. 7 
One copy of this should be kept for office 
record purposes and the other forwarded 
to the company’s night service force to 
inform them of the work being done, as 
consumers may telephone to verify the 
authenticity of the tester. At the end of 
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the day the tester should check off on the 
office record copy the number of plates 
covered, the number of readings taken on 
each plate, total number of readings 
taken, and any irregularities, however 
slight. 
The readings recorded on the prints 
should be rechecked by a clerical force to 
see if the readings appear normal. Un- 
usual readings should be called to the 
attention of the engineer in charge of the 
voltage survey so that an investigation 
_ of conditions can be made without delay. 
_ Where the scale of the secondary cir- 
_ cuit maps is such that readings cannot be 
entered directly thereon, this procedure 
can be modified to specify addresses and 
to record test readings on standard test 
_ forms. 


Recording of Tests, Classification 
and Tabulation of Results 


TABULATION OF READINGS 


The readings obtained by the field 
forces, whether indicating or graphic, will 
usually be referred to distribution engi- 
neers for analysis. The data must be 
tabulated before they can be classified. 
In the case of graphic voltage charts, it is 

' desirable to record the low and high read- 
ings for each location together with the 
average voltage. It is desirable that 
transformer readings and end-of-second- 
ary readings be tabulated separately 
so that the results may be weighted ac- 
cording to the number of readings of each 
type. A number of different classifica- 
tions, for each district, may be necessary, 
as follows: 


Network, radial, or d-c system 
| 


Secondary 


Transformer 
locations Sg 
| | | 
Day Night Day Night 
readings readings readings readings 


PLOTTING READINGS ON Maps 


A useful summarized record of the re- 
sults of a voltage survey may be obtained 
by plotting the readings on a map of the 
territory, drawn to some small scale. 
Where locations are too close together to 
permit plotting each reading, the aver- 
age may be shown, particularly if the 
variation is not great. Such a map is of 
interest to executives and to the dis- 
tribution engineers in obtaining a general 
view of system voltage conditions. Volt- 
age-regulation conditions on individual 
feeders are advantageously revealed by 
plotting on detailed maps of each feeder 
the first consumer readings of each trans- 
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former on the feeder. These maps as- 
sist the distribution engineers in studying 
regulation on individual feeders and on 
the system as a whole. 


VOLTAGE SURVEY REPORTS 


The results of a systematic voltage 
survey may be presented in some form 
of periodic report. Various graphic 
methods are illustrated by the charts 
shown in figures 2a, 2b, and 2c. It may 
be desirable to contrast the results with 
those of the previous survey, as illustrated 
in figure 2a, to indicate improvement of 
system conditions. A separate chart 
for each district and for each type of load 
is usually desirable. It is also interesting 
to show the percentage of readings lying 
outside the accepted service standards as 
in figure 3. A tabular form of periodic 


Figure 4. Monthly comparative report of 
voltage-survey results 


report is shown in figure 4. The readings 
tabulated in figure 4 are the highest and 
lowest values as recorded on graphic 
charts. 


Analysis and Application of Data 


ENGINEERING ANALYSIS 
OF VOLTAGEP SURVEY READINGS 


Whether the readings of a voltage sur- 
vey are indicated directly on secondary 
plates, as shown in figure 1, are recorded 
on test forms, or are available on graphic 
charts filed by feeders or districts, the 
results should be analyzed thoroughly by 
the engineers in charge of the distribution 
system. It may be desirable to investi- 
gate further by means of graphic volt- 
meter doubtful high- or low-voltage con- 
ditions disclosed by indicating readings. 
This procedure can be extended to high 
and low readings one volt within the ac- 
cepted service limits. All conditions 


MONTHLY REPORT - A.C. LIGHTING VOLTAGE SURVEY 


THIS MONTH 


TOTAL SINCE 


PERIOD CHARTS SECONDARIES | %OF TIME | %OF SECOND- 
OBTAINED SURVEYED ELAPSED ARIES SURVEY 
SEPT. 10, 1934 


MONTH-APRIL 1936 


S 


ESTIMATED TOTAL SECONDARIES TO BE SURVEYED 


CLASSIFICATION OF VOLTAGES 


% OF TOTAL LOWEST SUSTAINED 


SECONDARY END VOLTAGE RECORDS 


PRESENT PAST PRESENT PAST 
SURVEY TO DATE SURVEY SURVEY TO DATE SURVEY 


VOLTAGE 
105 


Ye OF TOTAL HIGHEST 
SUSTAINED TRANSFORMER 
VOLTAGE RECORDS 


ABOVE 119 


AVERAGE LOWEST SUSTAINED SECONDARY END VOLTAGE 


114.51 


114.32 
PRESENT SURVEY PAST SURVEY 


REMARKS: 4.54% OF THE SECONDARY END VOLTAGE RECORDS FOR THIS MONTH WERE 


BELOW 112 VOLTS. 
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finally determined to be above or below 
the accepted standards should be studied 
carefully to determine whether the sub- 


normal condition is due to primary 
circuits, secondary mains, or service 
wires. 


SYSTEM REINFORCEMENTS 
BASED ON SURVEY RESULTS 


A voltage survey will disclose cases of 
low voltage due merely to inadequate 
service wires. These facilities may have 
been installed in accordance with old 
standards, inadequate for present-day 
loads. Such conditions are easily cor- 
rected. 

Cases of unbalanced voltage will be 
revealed if all line-to-neutral readings are 
taken at each location. Some of these 
conditions can be corrected with little 
trouble by rebalancing secondary load. 

Experience indicates that a high per- 
centage of poor voltage conditions is 
due to the secondary mains. These con- 
ditions are indicated by analysis of the 
voltage survey data and may be remedied 
by replacing existing secondary with 
larger wire, by hanging additional trans- 
formers to cut down the length of second- 
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ary feed, or in some cases merely by re- 
arrangement of existing secondaries. 

In some cases low-voltage conditions 
can be improved by raising feeder sub- 
station voltage, provided this does not 
lead to overvoltage conditions elsewhere. 
In other cases high voltage may require 
lowering substation voltage. 

Low-voltage conditions may be found 
to be due to inadequate primary circuits. 
Where this occurs, redesign of primary 
circuits may be necessary. Additional 
voltage readings and load readings at 
various points on the circuit may be 
necessary in such cases to provide engi- 
neers with full information. The results 
of the voltage survey may justify the 
introduction of new feeders or new sub- 
station capacity. 

Where general low-voltage conditions 
exist over an area of relatively high load 
density, engineering and economic con- 
siderations may warrant changeover to 
underground network supply. The ex- 
tension of underground network on a step- 
by-step basis in urban territories where 
all distribution is planned ultimately to 
be underground, is facilitated by periodic 
voltage surveys to disclose which areas 


Burrell, Appleton—Voltage Surveys 


first exceed the regulation limits of ex- 
isting overhead facilities. 


Conclusion 


The readings of the systematic voltage 
survey, appropriately taken and carefully 
analyzed, provide the engineering justi- 
fication for redesign of the distribution 
system to correct existing unsatisfactory 
voltage conditions. The periodic survey 
data, by revealing trends of regulation, 
make it possible, in planning system 
changes, to anticipate unsatisfactory 
conditions before service voltages ac- 
tually fall outside the accepted standards 
of good service. The broad view ob- 
tained of system voltage conditions fa- 
cilitates the consideration of various plans 
proposed, and is a helpful guide in con- 
sidering the necessity for general system 
reinforcement and improvement projects. 

It is not anticipated that a survey such 
as outlined in this paper need be made 
every year. As voltage conditions are 
improved, it may be found that a com- 
plete survey made every other year, or a 
policy of surveying a half or a third of 
the system each year _may suffice. 
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Synopsis: The rapid growth of rural elec- 
trification and the importance of maximum 
_ service continuity commensurate with eco- 
_ nomical expenditures has given impetus to 
_ the study of means to provide a satisfactory 
solution. The development of a rural net- 
work system with its sources of feed to 
supply this system is described. Selection 
of voltage rating for rural lines is often 
dependent upon operating conditions pecu- 
liar to the area served, and must be con- 
sidered integrally with voltage regulation. 
Methods applicable for voltage regulation 
and control are reviewed with particular 
reference as to their application for rural 
line use. The economic application of regu- 
lating devices for voltage control of a rural 
load area is illustrated by a specific example 
and comparison with other means available. 
Methods used for obtaining a constant 
check of voltage conditions throughout a 
rural area are described and the results 
obtained by these means are given in a 
special case. 


The Rural Problem 


HE rapid growth of rural electrifica- 

tion in the past few years has stimu- 
lated activity in new methods and ap- 
proach to the problem of providing ade- 
quate capacity for the present and future 
demands which will be made for this serv- 
ice. Of necessity, due to the low cus- 
tomer concentration, the distribution 
lines serving the rural areas must be con- 
structed at a minimum cost commen- 
surate with existing or near future usage 
of such service. In the United States, 
this has resulted almost universally in 
the supply of these areas by means of 
single-phase lines, the construction and 
voltage of the lines varying with the con- 
ditions encountered in the areas served, 
and varying with the economic, engineer- 
ing, and operating conceptions of the 
individual utilities. 

The rural area in which the Central 
Hudson Gas and Electric Corporation 
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committee on power transmission and distribution 
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Voltage Regulation and Control in the 
~ Development of a Rural Distribution 


System 


By G. H. LANDIS 


MEMBER AIEE 


operates is probably typical of a major 
portion of the northern Middle Atlantic 
and southern New England States. The 
area cannot be considered strictly as a 
farm area. Essentially, the rural ter- 
ritory is a region populated by two gen- 
eral classes of people; first, the farmers 
who primarily specialize in the production 
of special perishable products for con- 
sumption of the large urban centers; 
second, small commercial and industrial 
enterprises in the rural centers, combined 
with those who have sought freedom from 
the city confines by temporary or perma- 
nent residence in the rural area. In the 
first classification, the following types of 
farming will dominate with their special 
applications of electric load: 


Poultry, requiring electric service for incu- 
bators, brooders, water heating. 


Stock and dairy, with milk coolers, pas- 
teurizers, water heating, ventilating, milk- 
ing machines, pumping, and general utility. 


Truck and fruit, with soil heating, minor 
irrigation, fruit grading, insect control, 
spraying, pumping, cold storage. 


General, with pumping, general utility. 


In addition to these, the domestic 
usages of cooking, refrigeration, water 
heating, and pumping must be provided. 

In the second classification, the fol- 
lowing groups of people must be served: 


Hamlets, with the country store, garage, 
and occasional small industrial load. 


Small residential customers migrating from 
local urban centers. 


Large residences and estates, generally 


drawn from the large cities. 


Vacation residences, road houses and stands, 
boarding houses, and hotels, most of which 
are summer loads, but a small increasing 
amount is becoming either winter and 
summer loads, or year-round loads. 


Religious, educational, and governmental 
institutions. 


The first classification of customers 
requires an adequate and dependable 
service supply, for, in essence, they are 
small industrial establishments, and their 
livelihood is dependent upon uninter- 
rupted service. As an illustration of the 
importance of continuous service, one 
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poultry farm sells fancy stock eggs at 
prices as high as 40 cents each, ships 
quantities of these abroad fot hatching, 
and incubates as many as 50,000 eggs at 
one time. An hour’s interruption of 
the rural service to this customer may 
destroy a large percentage of his incu- 
bator supply. 

The second classification of customers, 
being in a large measure people from 
urban territories, demand essentially the 
same grade of service here as that to which 
they have been accustomed, especially 
since electric service becomes more essen- 
tial to their comfort and living than 
before. 

The necessity of a high degree of con- 
tinuity combined with adequate voltage 
control is therefore essential to the rural 
population. For this type of service, 
freedom from interruptions must be con- 
sidered along with voltage control, and 
the choice of voltage level is in great part 
predicated on the ability to maintain 
service with the greatest freedom from 
interruptions. 


The Rural System of the 
Central Hudson Gas and 
Electric Corporation 


The franchise area supplied by the 
Central Hudson Gas and Electric Corpo- 
ration is shown in figure 1, roughly ex- 
tending 75 miles north and south along 
the Hudson River between New York and 
Albany, and 55 miles east and west, a 
small portion to the east bordering the 
state of Connecticut. The territory 
covers approximately 2,600 square miles 
and has over a quarter of a million in- 
habitants. The three largest cities, 
Poughkeepsie, Newburgh, and Kingston 
along the Hudson River, account for a 
total population of less than 100,000. 
Numerous villages are located through- 
out the area. Scenically magnificent in 
the mountainous regions of the Catskills 
and Shawangunk Mountain Ranges, beau- 
tiful for its well-kept farms and orchards, 
and within close driving distance of the 
great metropolitan areas, it attracts 
many thousands of vacationists. 

The general layout of the Central 
Hudson electrical system is shown in 
figure 1. The company, having devel- 
oped only a small amount of generating 
capacity (25,000 kw in water power, and 
12,000 kw in steam) is dependent upon 
the supply of power over strategically 
located transmission interconnections. 
A well-located transmission system at 
66 kv ties its main load areas into an 
integrated system, supplemented by sec- 
ondary transmission feeders and tie lines 
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Figure 1. Franchise area showing transmission 
lines, steam and water-power stations, and 
substations 


at 33 and 13.8 kv, thereby forming a 
fairly well-defined grid over the entire 
area. 

Among the pioneers in recognizing the 
necessity, desirability, and value of rural 
electrification, the company initiated its 
rural-line program in 1924 and has main- 
tained an aggressive and liberal policy 
for the development of rural loads. An 
accelerated program during the last two 
years has brought about virtual satura- 
tion of the area with rural distribution 
lines, these lines now being within reach 
of 98 per cent of the rural population. 
A total of over 2,700 miles of rural lines 
has been built in the rural construction 
program, to which have been attached 
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some 6,000 farm, 25,000 residential, 
5,000 commercial and small industrial 
customers. The usage per rural cus- 
tomer averages 1,650 kilowatt-hours an- 
nually, but may be expected to increase 
rapidly since customers on recently con- 
structed lines first make use of electricity 
primarily for lighting and later take full 
advantage of a liberal policy on the pur- 
chase of electrical appliances. 

A typical rural area showing the cover- 
age of highways in a rural section is shown 
in figure 2. Practically all roads not 
supplied by distribution lines have a load 
density of less than three customers per 
mile. 

Power supply to the rural areas has 
been planned upon the projection of a 
number of small automatic substations 
upon the grid formed by the network of 
rural lines. Theoretically, such an area 
would appear as shown in figure 3, re- 
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sembling in many respects a primary 
network grid. However, several distinct 
factors differentiate the plan from a pri- 
mary network. Three-phase tie lines 
are generally provided, or are anticipated 
between substations, these being con- 
structed if, and when such tie lines are 
economically justified. This construc- 
tion consists of polyphasing existing 
single-phase lines, such single-phase lines 
later to form tie lines having been built 
of greater conductivity size in anticipa- 
tion of their future tie-line application. . 
At the present time plans do not con- 
template the operation of the tie lines 
closed, these being operated as radial 
feeders from each substation. Their 
main purpose is to provide facilities for 
emergency feed into an area in the event 
of a substation failure, or in case of the 
necessity of taking a substation out of 
service for routine maintenance. Rou- 
tine maintenance is necessarily sched- 
uled for off-peak periods. In case of a 
substation failure during peak periods, 
lower voltage than normally considered 
fully adequate would be experienced, but 
service could at least be maintained. 
This latter condition has not yet been 
experienced on our system, and should 
be relatively infrequent. Future devel- 
opment may show the possibility of op- 
erating the rural network as an integrated 
network, as recently accomplished in a 
section of suburban Philadelphia.'? Fig- 
ure 4 shows a portion of such a develop- 
ment showing the location of stations and 
tie lines. 

The locations of substations to supply 
this rural network are necessarily in- 
fluenced by a number of factors, as 
follows: 


1. Load density of the area to be supplied. 


SCALE IN MILES 


Figure 2. Typical rural area showing coverage 
of highways 
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Proximity to existing transmission lines. | 7 
erever possible, advantage is taken of 4 
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equipment having been used. 


3. Proximity to villages or industrial loads. 


t Various types of substations have been 
utilized, the type depending to a great 
_ extent upon the following factors: 


1. Probable load growth in the immediate 
area. 


2. Possibility of load shift as area is de- 


veloped. 


3. Availability of existing equipment, 
which may be transferred from some other 
substation due to necessary changes in that 
location. 


During the early periods of develop- 
ment, when the number of rural lines in 
an area were limited, a number of two- 
or three-pole platform structures both 
with and without regulators were in- 
stalled. These have mostly been re- 
placed by more adequate equipments, 
and at the present time there appears to 
be little need for the use of this type of 
structure, since it is usually possible to 
pick up an immediate load of 400 to 500 
kw by the time a substation is required 
in a rural area. 

New substations are now installed 
with a capacity of 750 to 1,000 kva with 
the possibility of increasing these ratings 
25 per cent with air-blast equipment. 
They are tapped to the transmission 
line through a manual three-pole discon- 
nect switch and protected on the high- 
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Figure 3. Theoretical rural network showing 


polyphase tie lines between substations, and 
operation with one substation out of service 
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Figure 4. Development of rural network 
showing substation and tie lines 


voltage side by means of fuses. Voltage 
regulation is provided in new transform- 
ers through tap-changing equipment. 
Where existing transformers are avail- 
able, regulation is supplied by means 
of step regulators, pole-type or outdoor 
substation-type induction regulators, or 
indoor induction regulators rebuilt for 
outdoor service, the type used depending 
upon the equipment available. 

Where new equipment is required, a 
unit-type substation has been adopted 
as standard equipment. The first unit 
was installed in 1931, and has been 
followed by the installation of three ad- 
ditional units. The 1938 program calls 
for the installation of three units, one to 
be ready for service by the end of May. 
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The essential requisites for a unit 
substation are as follows: 


1. .The total installed cost must be low, 
comparing favorably with the cost of the 
conventional structure substation. 


2. The unit must provide voltage regula- 
tion to compensate for transmission and 
primary voltage drops. 


3. It must be inconspicuous, require a 
minimum of space, and present a minimum 
hazard from public liability standpoint. 


4. The installation cost must be low, 
thereby providing maximum salvage in the 
event it becomes necessary to shift the loca- 
tion due to a change in load distribution or 
development. 


5. It must be easily and safely maintained. 
In the event of breakdown of any piece of 
apparatus, particularly the transformer, the 
layout must allow for its ready removal and 
replacement. 


6. The design must provide economical 
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means for adding feeder positions, in the 
event load conditions make this necessary. 


The design which was developed meets 
all these requirements. Essentially, it 
consists of a tap-changing transformer, 
with one or more switch houses bolted to 
one side of the transformer. The switch 
house contains a reclosing oil circuit 
breaker and load-ratio-control equipment. 
High-voltage fuses and disconnects are 
installed in compartments on the trans- 
formers rated 23 kv and lower. Our 
practice has been to bring all cables to 
and from the pole line underground, for 
voltages of 23 kv and lower, thereby en- 
closing all equipment in metal, and ob- 
viating any necessity for fencing in the 
property for safety reasons. For the 
higher voltages, a simple superstructure 
permits overhead connections. The unit 
is completely factory built, the only field 
construction consisting of foundations 


Figure 5. Medium-voltage totally enclosed 
unit substation, rated 750 kva, 13.8-2.4/4.16 
wye/4.8/8.3 wye kv 


Figure 6. High-voltage unit substation with 
superstructure for high-voltage control, rated 
1,000 kva, 66-2.4/4.16 wye/4.8/8.3 ky 


544 TRANSACTIONS 


> DES ON: { ’ 
NA A/ Se here / 
oH [aN a 
fess tee seeps & 
WP PS if \ Pa (ge 
\ Aare H icRe \ 
SCALE IN MILES ae = \ , ? 
Oe ere 4 - wer : 
5 / ; 3 
\ x ! ; 
‘ N 
! ] 3 
/ j » ; rs i 
\ / af Via ye 
\ ii <f ? 
Nw \ Ae TeeLING Vv a ee 
‘eB ri Se f i anaes ees, 
i a \ i \ i J 
j \ bee ». \ ! : 
~ | ge. [> i 
‘ Rs \ Ls : 
le) ees 
DAI Ns a5 
. (ia E 
! 
| 
ae, 
is 
Le a Na eee 
IN} 
ab 
4. 
~. 
— LEGEND — 
3 PHASE 4156 VOLTS — 
—-—— PHASE-PHASE 4156 VOLTS =e 
sereeesee> PHASE-NEUTRAL 2400 VOLTS 0 eseeene ~  P 
Ri, Ro,R3INDUCTION REGULATORS a 
ae 


R4-Rg STEP VOLTAGE REGULATORS 


Figure 7. Area map 


and connections to the lines. Floor 
space requirements for the unit are 
approximately 10 by 13 feet.® 

The simplicity with which one of these 
units may be moved, is illustrated by a 
case in which it was necessary to move a 
750-kv unit complete with feeder equip- 
ment, approximately four miles. The 
unit was available for operation within 
two working days, including a change in 
internal connections from 4,800 volts 
delta to 4,160 volts wye. 

Figure 5 shows a typical unit substa- 
tion rated 13.8 kv, 750 kva, with all live 
parts metal clad. Figure 6 illustrates a 
66-kv 1,000-kva unit with exposed high- 
voltage switching on a steel superstruc- 
ture. The air-break switch on top of the 
structure and the capacitor on the side 
have no relation to the unit structure, 
being automatic sectionalizing equip- 
ment for the 66-kv transmission line. 


Voltage Rating of Rural Lines 
The selection of voltage rating for 


rural lines is dependent on many factors, 
and the economics of a voltage rating in 
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one part of the country may well be re- 
versed in others. Obviously, a high 
voltage rating simplifies the problem of 
voltage regulation. 

The Central Hudson Gas and Electric 
Corporation, being a consolidation of 
many smaller companies, inherited a 
number of voltage ratings at both two 
and three phase from its predecessor com- 
panies. Involved as the system is with 
numerous polyphase loads in the villages 
scattered throughout its rural area, the 
problem of unifying the voltage rating 
has been a slow and arduous one, since the 
unification of voltage ratings and phases 
has only been accomplished as the op- 
eration and economics have proved the 
necessity for changes. The present and 
probable future status of rural voltages in 
per cent of total load is shown in table I. 

From this table, it will be noted that 
standardization in general will be at two 
voltages; 4,160-volt, three-phase, four- 
wire mains with single-phase branches at 
2,400 volts phase to neutral and 4,000 
volts phase to phase, 4,800 volts single 
and three phase. A limited area will, in 
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Figure 8. Typical 24-hour chart—primary 
} voltage at point A 


all probability, remain at 8,320 volts, 

_ three phase, four wire, with branches at 
4,800 volts phase to neutral, or at 2,400 
volts phase to neutral, the reduction in 

_ voltage being obtained through 2:1 auto- 
transformers. 

It will be noted that the company’s 
experience has covered a wide range of 
voltages. Beginning initially with 2,400- 
volt two- and three-phase systems, con- 
versions were made first to 2,400/4,160 
wye operations, and at a later date to 
some 4,800-volt systems. A trial in- 
stallation at 4,800/8,320 wye was also 
made. This has been successfully op- 
erated, but was found to have definite 
operating disadvantages for conditions 
encountered in our particular area. For 
sparsely settled areas where clearances 
from trees can be readily obtained, and 
where economic joint usage with com- 
munication facilities can be satisfac- 
torily negotiated, there appears to be a 
distinct field for its application. 

Consideration of the factors involved 
in the analysis of our rural problem has 
led us to the conclusion that the most 
satisfactory voltage for rural distribution 
in our area is 2,400/4,160 wye volts, three 
phase, four wire with common-neutral 
multiple-grounded construction. How- 


Table |. Distribution of Rural Voltage Ratings 
Present 
Ultimate 
Con- Per Per 
nected Cent Cent 
Kilovolt- of of 
Voltage Rating amperes Total Total 
2.4 kv, three phase delta.. 3,571... 6.4... .-. 
2 4 kv, two phase. ....--- Ao AL SON mises oie 
4.2 kv, three phase wye.. .32,196... 58.3... 72.0 
4.8 kv, three phase delta. .11,977... 21.8. 25.0 
6.2 kv, three phase wye... 1,460... 2.6. aenn 
8.3 kv, three phase wye... 1,333... 2.4. 3.0 
PGE AN hace: cts srguntaisyete. 9 als 55,258. ..100.0 100.0 
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ever, since some of our areas are operat- 
ing at 4,800 volts, delta, there does not 
appear to be sufficient justification for 
conversion of such areas to the common 
neutral system. Hence the dual stand- 
ard. 

The decision on the adoption of the 
common neutral 2,400/4,160 wye system 
was primarily based upon the following 
factors: 


1. Spacing of substations in the fully 
developed plan will provide rural feeders of 
reasonable length for adequate primary 
regulation, especially with the judicious use 
of step regulators and shunt capacitors in 
providing economical and satisfactory means 
of voltage control. 


2. Advantages of acommon-neutral system 
in obtaining better operating characteristics 
in: 

(a) Lightning protection of distribution trans- 


formers as shown by the analysis of outages from 
this cause. 

(b) Low ground resistance of the neutral wire 
through multiple grounding. 

(c) Simplification of all line and transformer 
devices. 

(d) Improvement in sectionalizing and branch 
fuse operation. 


8. Safety in live-line maintenance, due to 


voltage being well within the safe operating 
range of standard rubber goods. 


4. Minimum of trouble due to tree inter- 
ference. This factor is particularly im- 
portant in this region, due to the difficulty 
of obtaining permission for ample clearances 
from trees in a territory prolific in its abun- 
dance of large and old trees. The common- 
neutral system also permits the economical 
use of cable construction through the use of 
self-supporting cable or cable supported on 
a neutral conductor messenger where tree 
conditions prevent successful operation of 
tree wire. 


5. Ecomomic analysis indicates that this 
system can be used at costs comparable 
with systems of higher voltages. 


Development of a Rural Area 


In the development of a rural area, it 
is by no means unusual to attach rural 
lines of extreme length to a substation 
supply source. During the initial period, 
the loading on these lines may be ex- 
tremely light, gradually increasing with 
the attachment of additional customers 
and the further utilization of the service. 
The development of low-cost regulating 
equipment has materially increased the 
time limit before additional reinforcement 
becomes essential. The use in particular 
of step regulators and automatic boosters 
may lengthen the period of adequate 
regulation on a rural circuit for years. 
One of the big advantages of this class 
of equipment is that the cost of installa- 
tion is a small percentage of the total cost 
and a large part of the cost in equipment 
is salvageable. 

Thus it may be economical to use regu- 
lating devices on the lines to furnish tem- 
porary relief for any one of the following 
reasons: 


(a) To allow further study to be made to 


Figure 9. Circuit map 
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determine the most desirable and economical 
permanent solution. 


(b) To allow further development of the 
area supplied before definite plans are put 
into effect which may be affected by these 
developments. 


(c) To delay the expenditure necessary to 
accomplish the ultimate plan until eco- 
nomically warranted. 


These points are, of course, interrelated 
and whichever may be the primary reason 
for the use of regulating devices, the 
other advantages will be gained. 

A description of such a development in 
one of our rural areas has been presented 
previously* but it may be of interest to 
trace the development through its suc- 
cessive stages. 

Figure 7 shows the area under discus- 
sion. Originally supplied at 2,400 volts 
single phase, lines were extended and 
supply reinforced through the following 
stages: 


Polyphase of main stems 
at 2,400 volts (1924— 


PAO) hese 8 oy dnc DR eae peak load 250 kw 
Conversion to 4,000 , 
VOI (MO Woie son 06 on peak load 325 kw 


Addition of two pole- 
type induction regu- 


lators and_ several 
fixed boosters (1929- 
AL) RN Netacte A ao a s peak load 700° kw 


Relocation of existing 
regulators and addi- 
tions of six step regu- 
lators, resulting in 
four step regulators in 
series on one feeder 
(1.935) eeerdee acre ee peak load 750 kw 


The addition of step regulators in 1935 
was estimated to provide regulation for 
the system through 1937 for an estimated 
peak of 950 kw. Actually, with the 
installation of an additional polyphase 
step regulator installation on one of the 
branches, adequate voltage was main- 
tained with an actual peak of 1,100 kw. 

Figure 8 is a primary voltage chart 
taken at the end of one of the lines, 19'/, 
miles from the substation, regulation 
being obtained through four regulating 
devices in series. 

In 1938 a unit-type substation is being 
installed at location D, which together 
with an additional tie line, will take up 
approximately 500 kw of load from the 
original station, and will practically 
halve the length of the longest circuits. 

In 1935, when the decision was made 
to install step regulators, a detailed in- 
vestigation was made into the cost of 
reinforcement to this area, with the fol- 
lowing comparison: 


Plan 1. Changeover system to 
higher distribution voltage 
(Si Kv) peter ccs. so. $45,350. 
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Plan 2. Additional 13.2-kv sub- 
station, and necessary trans- 
former and feeder extension..... 40,500. 


Plan 3. Installation of step regu- 


lators and feeder reinforcement. 15,700. 


As a result of the adoption of plan 3, 
the following points of economic interest 
were obtained: 


1. Investment not salvageable or 
useful when plan 2 would be 
essential for capacity............. $3,000. 


2. Saving in fixed charges by 
adopting plan 3 for three years 
at 12 per cent annually, less non- 
salvageable items, less increase 
in losses due to adoption of 


The adoption of the step regulator 
plan was not only the most economical 
but also postponed the necessity of 
making a much larger immediate invest- 
ment, and gave three additional years 
for the region to develop so that advan- 
tage could be taken of changes in load 
distribution in the area. 


Voltage Control and 
Regulating Devices 


No attempt will be made here to pre- 
sent the technical details of operation, or 
the theoretical limits of applications, as 
this subject has been fully covered 
in numerous papers previously.27 A 
brief outline of the devices available, 
and their adaptability to rural-line ap- 
plication appears in order. 

For strictly rural load, consisting 
mainly of a multiplicity of comparatively 
small individual loading devices, the use 
of high-speed devices for following small 
voltage fluctuations appears to be un- 
necessary. A number of tests on the 
effect of time delay conducted on our 
regulating devices indicate that the 
number of operations of tap-changing 
equipment may be reduced approxi- 
mately 80 per cent by increasing the time 
delay from 10 to 30 seconds, with no ap- 
preciable effect on the voltage regulation. 
The step regulator, in which time delay 
between steps is inherently necessary, 
has proved to be the most adaptable 
equipment for general application due 
to its low initial and installation costs. 
Careful consideration must be given to 
the voltage range per step. No specific 
limits can be definitely stated as to the 
most economical and satisfactory range 
of steps, and each application must be 
considered on its own merits. Gener- 
ally, for rural loading four 2!/»-per- 
cent steps appear to provide a satisfac- 
tory range for adequate voltage regula- 
tion. 
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The automatic step booster has a very 
limited application for rural loading, and 
its application is usually dependent upon 
comparatively large changes of load con- 
nected for appreciable periods of time. 

The fixed booster, though obviously 
not a regulating device, still has a definite 
field in voltage control. By their use, a 
line can be controlled to have practically 
flat regulation at minimum load condi- 
tions, and such use has practically the 
same effect as obtained by increase in _ 
size of copper. The amount of boost can 
be readily controlled by the use of mul- 
tiple-ratio distribution transformers, and 
if a standard make transformer rated 
2,400/3,600/4,156/4,800-120/240 volts is 
used, voltage boosts of 2.5, 2.88, 3.33, 
5.0, 5.76, 6.66, and 10 per cent may be 
obtained on a 2,400-volt primary line. 

The application of shunt capacitors for 
voltage control on rural lines has little 
justification, except where it is possible 
to make use of the advantages obtained 
by the capacitor in releasing substation 
transformer or transmission-line capacity, 
or in system power-factor correction. 
The low installed cost of distribution 
capacitors compares favorably with the 
installed cost of reasonably large rotating 
equipment, and where a certain fixed 
amount of capacity may be economically 
used at all times, distribution capacitors 
with their much higher efficiency, may 
readily be justified. The amount of 
voltage control supplied by these devices 
being fixed within narrow limits (two to 
three per cent on rural lines), they must 
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Figure 10. Application of voltage-corrective 
measures following graphic instrument survey 
of rural-line loading and regulation 
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be applied with the same caution as the 
ixed booster. 

The series capacitor can rarely be 
applied for rural-line regulation. De- 
pending upon the elimination of the 
reactance drop by insertion in the line of 
a capacitive reactance equal to the 
inductive reactance of the line, its pur- 
pose is defeated by the large resistance 
component of the average rural line. 
‘Elimination of the reactance drop is in- 
sufficient as shown by table II. 

By overcompensating, part or all the 
drop due to resistance can be balanced 
out at any power factor other than 
unity. At high power factors, this re- 
quires an unreasonable amount of ca- 
pacity. The series capacitor may be 
compared to an instantaneous regulator 
set to maintain a fixed voltage at some 
load center (assuming the supply voltage 
constant). It is subject to limitations 
where customers are distributed along 
the line in that any decrease in drop 
effected for the last customer on the line 
is accompanied by a corresponding in- 
crease for the first customer. This can 
be overcome by splitting the capacity 
up in small-size units, but only at pro- 
hibitive cost. 

Except in those cases where instan- 
taneous regulation is required to overcome 
a flicker condition or where lines are used 
to feed a load at some distance with no 
intervening load, some other one or com- 
bination of devices will give more satis- 
factory or economical results than the 
series capacitor. 


4 


Voltage Surveys 


In order to keep a constant control of 
voltage conditions throughout the terri- 
tory, a program was started several 
years ago of installing permanent voltage- 
recording stations attached to the pri- 
mary lines through individual potential 
transformers. Completion of this pro- 
gram is expected during 1938. The loca- 
tion of each of these test stations is 
carefully checked to provide a close con- 
trol and indicator of the voltage and load 
trend. 

In addition, a plan of conducting 
periodic surveys of all load areas has been 
instituted. This survey covers the pro- 
curement of a complete series of simul- 
taneous graphic records of voltages over 
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the entire area, coupled with graphic 
ammeters at pertinent points for loading 
and load balance, and graphic watt- 
meters and reactive-volt-ampere meters 
for circuit loading. These charts, as- 
sembled and pasted together, show simul- 
taneous readings all over the circuit, and 
readily reveal the necessity for load bal- 
ance, reinforcement, correction for regula- 
tor settings, and improvements which 
may be effected through the use of addi- 
tional boosters, step regulators, and 
shunt capacitors. This recording is con- 
tinued until corrective measures have 
been applied and reasonable assurance is 
obtained from graphic records that volt- 
age conditions will continue to be satis- 
factory. In conducting such a survey 
20 to 30 graphic voltmeters are utilized, 
these instruments being calibrated in the 
field after warming up in location, a high- 
grade voltmeter with low temperature 
error being used for this calibration. 

An illustration of the effectiveness of 
this field survey is shown in an area which 
had built up very rapidly in rural ex- 
tensions, and which had not received a 
previous check of the type described. 
Figure 9 shows the area in question and 
figure 10 shows the voltage conditions 
before and after voltage conditions were 
corrected. In this case four additional 
step regulators and 165 kva in shunt ca- 
pacitors, provided adequate relief from the 
serious voltage difficulties encountered. 
Further improvement to this area, con- 
templated several years previously, will 
be provided when the fringes of this area 
can be transferred to a new unit sub- 
station to be installed in 1938. 


Conclusions 


The necessity of reliable rural lines 
with adequately controlled and regulated 
voltage has been shown to be essential 
for the type of service requirements. 
Voltage rating is dependent upon many 
factors, and reliability and freedom from 
interruptions must be considered along 
with voltage rating. With the equip- 
ment now available, voltage can be ac- 
curately regulated over substantially 
long lines at reasonable cost, and fre- 
quently major expenditures for reinforce- 
ment can be deferred for long periods by 
the proper application of regulating 
equipment. The field for application of 
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step regulators is large and due to the 
low installation cost may be justified in 
many cases for temporary relief. The 
application of shunt capacitors is more 
restricted on rural lines where resistance 
drop may be a large portion of the total 
drop, and cannot be justified for voltage 
regulation alone, but may be used where 
interrelated savings in substation ca- 
pacity or system power-factor improve- 
ment aid in the justification of their use. 
Series capacitors appear to have little 
application for general rural use, and 
their justification is dependent on special 


Table Il. Voltage Drop on Four-Kv Three- 


Phase Line 


Volts Per Ampere Per Mile at 
85 Per Cent Power Factor 


Copper Wire Due to Due to 
Size Resistance Reactance Total 
PAS iien Aer rit (3) i3e26 ionic OBe- cmt 1.04 
4 ASL foie es OO Fe se 1.56 
Gi am muin Oe LOFphuelen a: AO a hes Yet 2.07 


applications usually in conjunction with 
motor loads. 

Rural electrification, being still in its 
infancy with respect to utilization, re- 
quires continual and careful study and 
checking of load growth, circuit balance, 
and voltage regulation to the end of 
producing greater satisfaction among its 
users, increased revenues from adequate 
regulation, and stimulating the further 
utilization of the service available. 
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Voltage-Regulating-Equipment 
Characteristics as a Guide to Application 


By P. E. BENNER 


ASSOCIATE AIEE 


Synopsis: In addition to being based on 
economic factors, the application of voltage- 
regulating equipment to systems should 
take into account its characteristics and 
inherent limitations. These characteristics 
include operating speed, sensitivity, suita- 
bility for parallel operation and for frequent 
voltage-correcting action, how affected by 
the load power factor and by line constants, 
ability to compensate for supply-voltage 
variations, effect on wave form, etc. The 
majority of systems need both generator 
voltage regulators and suitable feeder regu- 
lators, if maximum ease, efficiency, and 
flexibility of system operation are desired. 
Proper choice and adjustment of the voltage- 
responsive controlling elements of such 
regulating equipment will insure harmonious 
functioning of the regulators throughout the 
system, without hunting between regulators 
of different construction. 


HE selection of voltage-regulating 

equipment involves two classes of 
problems. The first of these is technical, 
and concerns itself with the characteris- 
tics of the various available classes of regu- 
lating equipment with their  corre- 
sponding limitations. The second prob- 
lem is economic and is concerned with 
finding the least expensive solution to 
the problem of maintaining adequately 
constant voltage. The economic prob- 
lem predominates in the application of 
voltage-regulating equipment to the dis- 
tribution system,' as distinct from the 
generating and transmitting portion of 
the system. As far as the technical 
characteristics of voltage-regulating equip- 
ment are concerned, it might be felt 
that these are too well recognized to 
require further consideration at this time. 
However, instances frequently occur of 
misapplication of regulating equip- 
ment due to disregard of the inherent 
limitations of the types of regulating 
equipment concerned, usually because 
insufficient consideration has been given 
to the analysis of the causes of the poor 
Paper number 38-46, recommended by the AIKE 
comniittee on power transmission and distribution, 
and presented at the AIEE North Eastern District 
meeting, Lenox, Mass., May 18-20, 1938. Manu- 
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voltage conditions which it is desired to 
correct. 

As here used, the term “‘voltage-regulat- 
ing equipment” signifies not merely the 
voltage regulator itself but also the as- 
sociated apparatus such as for example, a 
synchronous condenser when controlled 
by an automatic voltage regulator, 

Only equipment that functions auto- 
matically is here considered. 

As above defined, voltage-regulating 
equipment is subjected to supply-voltage 
variations due to transient conditions 
such as those caused by faults and also 
to those produced by slow or rapid load 
changes. (By load changes are meant 
not only changes in the amount of steady 
load connected, but also noncyclic, ab- 
rupt changes in load impedance, such as 
may result from the starting of large 
motors connected with the circuit and 
from similar causes.) Voltage-regulat- 
ing-equipment performance during fault 
conditions and its effect on stability®.*4 
will not be discussed here, nor will the 
subject of voltage variations due to cyclic 
changes be discussed at this time. 

Progress in industrial and domestic 
electrification has gradually imposed 
added requirements upon the quality of 
electric service, such as the present-day 
insistence on maintenance of sufficiently 
constant frequency for  electric-clock 
operation. Fortunately, however, this 
tendency toward more exacting electric- 
service requirements is to some extent 
compensated for by the improvement of 
apparatus. For instance, the advent of 
adequate generator voltage regulators 
made it possible to discontinue insisting 
upon small natural voltage regulation as a 
generator design requirement. This 
change makes it possible for generator 
designers to emphasize other more im- 
portant characteristics of their machines. 
It is believed that by proper application 
of voltage-regulating equipment to a 
system, the range of taps required in 
transformers can be kept within economi- 
cal limits, thereby reducing the invest- 
ment in what would otherwise be special 
power transformers. Also maximum 
freedom in system operation is afforded 
so that the voltages at different points on 
the system can be held at the most ap- 
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propriate values from the standpoint of 
minimizing transmission line losses and 
keeping the power factor within the de- 
sired limits in interconnecting lines. 


Classification of 
Voltage-Regulating Equipment 


Voltage-regulating equipment may be 
classified on the basis of the manner in 
which it functions, as shown in table I. 

As used in this tabulation, the term_ 
“generator voltage regulator’ means, 
according to a proposed standard defint- 
tion, ‘a regulator which functions to 
maintain the voltage of a synchronous 
generator, condenser, motor, or of a d-c 
generator, at a predetermined value, or 
vary it according to a predetermined 
plan.” 

The question of whether extensive use 
should be made of generator voltage regu- 
lators in preference to the use of feeder 
voltage-regulating devices sometimes 
arises, but except in special cases of sys- 
tems of very limited extent, a definite 
choice between the two types of equip- 
ment should rarely be necessary. Gen- 
erator voltage regulators are, by virtue 
of their construction, usually better 
suited to rapid and frequent operation 
than are feeder voltage regulators, if 
maintenance of the latter is to be kept 
within reasonable limits. Generator 
voltage regulators are, however, elec- 
trically farthest away from individual 


Table | 


(A) Voltage-correcting equipment (corrects 
for supply-voltage variations) 
(a) Direct (series) correction 
Varying excitation (generator 
voltage regulator) 22... secant (1) 
Varying voltage ratio 
I. With major change in volt- 
age level (Load-ratio-control 
transformer) ?.poae sero toeae (2) 
II. Without major change in 
voltage level 
A. Smooth changes 
(Station-type induction 


regulator) tisce chic temere (3) 
(Branch-feeder induction 
regulator). sissies (4) 


B. Changes by steps 
(Regulating transformer).. (5) 
(Station-type step regu- 


lator). immer oncnon eee (6) 
(Branch-feeder step regu- 
lator) ccgnatee oes ene (7) 


(Branch-feeder booster).. (8) 
(b) Indirect (shunt) correction 


(Synchronous condenser with 
voltage regulator)n.9. coe enone (9) 
(Shunt capacitors with voltage- 
recilating relay) pee eee (10) 
(Shunt reactors, in blocks, with 
voltage-regulating relay)......... Gal) 
(Shunt reactors with saturating 
Witldings)< cae ee ae eee (12) 


(B) Voltage-drop compensating equipment 
(does not correct for supply-voltage 
variations) 

(a) Direct (series) compensation 


(Series capacitors) 0 ee ee eee (13) 
(Series reactors with saturating 
windings) 7): sascec ore (14) 
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loads responsible for fluctuations in the 
voltage. Thus there appears to be little 
relationship between the speeds of opera- 
tion of these devices and the duty or- 
dinarily imposed on them. This dilemma 
can be avoided by proper adjustment of 
the sensitivity of the voltage-responsive 
control elements of the generator and 
feeder voltage-regulating equipment, re- 
spectively. In general, it may be said 
that: 


1. The need for rapid correction of the 
voltage in case of major system load changes 
makes generator voltage regulators essential 
for most systems. 


2. The value of generator voltage regula- 
tors in limiting overvoltage in case of sudden 
loss of load is now well recognized.® 

3. The impracticability of applying line- 
drop compensating schemes to most systems 
to permit generator voltage regulators to 
hold constant voltage at a remote distribu- 


tion center makes feeder regulators desir- 
able. 


4. The diversity of feeder lengths and 
loading makes the application of individual 
feeder regulator equipment of appropriate 
type essential to good voltage conditions at 
the load. 


It is hoped that a brief discussion of 
the comparative characteristics of each 
of the voltage-regulating equipment types 
mentioned in table I will be of assistance 
to anyone faced with the problem of choos- 
ing between the available means for 
solving this problem. 


Generator Voltage Regulators (1) 


These regulators are best suited to 
holding constant voltage at the low-volt- 
age or high-voltage generating station 


REGULATOR 
RANG 


RAISED 
BUS VOLTAGE 

> 
NORMAL BUS 
VOLTAGE B 
FULL-LOAD AND NO-LOAD VOLTAGES 


WITH SHUNT CAPACITOR 
—|VARIATION WITH FIXED BOOSTER 


NORMAL BUS 
VOLTAGE 


— 


FIXED BOOSTER 
WITH FIXED BOOSTER 
SHUNT CAPACITOR 


Figure 1. The induction regulator inherently 
has a lower as well as a raise range. Full use 
can be made of the total range by the proper 
selection of substation bus voltage (B) or by 
the use of a fixed boost in the feeder circuit 
(C). Shunt capacitors produce a voltage rise, 
and in this case if the voltage rise produced 
by the capacitor equals the lower range of the 
regulator, full use can be made of the full 
regulator range with minimum voltage variation 
in the load area 
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bus. Although it is possible to use line- 
drop-compensating schemes to hold con- 
stant voltage at the remote end of a 
transmission line, there are very few 
cases in which as much line-drop com- 
pensation as this is used. The basic 
reason for this is that changing load and 
generating conditions on a system make 
it desirable to hold different voltage 
levels at different points on the system 
at various times of the day. Compensat- 
ing for all of the transmission-line voltage 
drop makes it difficult to control the 
division of reactive power between dif- 
ferent generating stations and is com- 
parable to attempting to operate two 
generators, each under voltage-regulator 
control, connected to the same bus with- 
out having the usual provision for elimi- 
nating excessive reactive-current inter- 
change between the two  generators.® 
The use of motor-operated voltage-ad- 
justing rheostats for generator voltage 
regulators in unattended stations makes 
it possible to adjust the voltage levels 
held at such stations by means of super- 
visory control just as readily as the kilo- 
watt load on units in such unattended 
stations can be adjusted. 


In special cases, current limiting re- 
lays have been used in conjunction with 
generator voltage regulators, but it 
should be recognized that any such sup- 
plementary equipment may impair the 
normal regulator performance during 
transient conditions. Some use has also 
been made of power-factor regulators, 
especially when applied to generators of 
relatively small size located electrically 
close to much larger stations, with a view 
to avoiding attempts on the part of the 
small machines to change the voltage 
level of the larger systems and in so doing 
overload themselves. The use of such 
power-factor regulators would seem to be 
extremely limited and ordinarily requires 
supplementing by the use of a conven- 
tional voltage regulator in order to take 
control away from the power-factor regu- 
lator in case of faults on the system. 
The low power factor of most faults 
would otherwise cause the power-factor 
regulator to reduce the generator excita- 
tion, which is just the opposite to what is 
required under these conditions. 


The use of generator voltage regulators 
relieves the station operator of the need 
for frequent adjustment of the excita- 
tion; if there are no generator voltage 
regulators, the only alternative is to leave 
sufficient excitation on the machine to 
insure reasonably stable operation under 
any anticipated load condition. This 
additional excitation will result in added 
losses and heating of the machine. 
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Although generator voltage regulators 
are, in general, rapid in action, it should 
be realized that even if there were no time 
delay at all in the operation of the regu- 
lator, it could not possibly cure light 
flicker in the case of voltage fluctuation 
sufficiently widespread to appear at the 
generator terminals. The first drop in 
voltage occurs instantaneously, but can 
only be corrected at a finite rate in ac- 
cordance with the time constant of the 
a-c machine. Other methods of miti- 
gating light flicker should be considered 
instead.’ 


Load-Ratio-Control 
Transformers (2) 


Although originally chiefly used in 
transmission-line loop circuits and in 
tie-lines interconnecting different sys- 
tems, increasing recognition is being 
given to the suitability of load-ratio- 
control equipment for maintaining ap- 
proximately constant voltage at a bus 
whenever this can be accomplished by 
ratio change. In general, the load-ratio- 
control equipment is not intended for 
very frequent operation, in the interest 
of reducing maintenance on the tap- 
changing equipment. Accordingly, the 
automatic relay equipment ordinarily 
includes time-delay relays to insure that 
the departure from normal voltage must 
persist for a definite time before any 
attempt is made to correct it. 


Station-Type 
Induction Regulator (3) 


The characteristics of the direct or 
series regulating device used for feeder 
regulation are a combination of the in- 
herent characteristics of the equipment 
itself and the control with governs its 
operation. The design, adjustment and 
therefore the characteristics of the con- 
trol are largely determined by the limita- 
tions of the device. 

In the direct or series devices, the ratio 
of incoming to outgoing voltage is varied 
by changing the ratio of ¢:Ni/d.N2. This 
is accomplished by changing the turn 
ratio N,/N, in the case of step regulators 
and load-ratio-control transformers or 
by changing the flux ratio ¢:/¢. in the 
case of induction regulators. 

The induction regulator is controlled 
by the same voltage-regulating relay as a 
load-ratio-control transformer but its re- 
sponse is instantaneous rather than de- 
layed because of the fact that it can stand 
the duty of making frequent voltage 
corrections. 

The characteristics of the regulated 
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voltage and therefore of the device it- 
self are determined by the setting of the 
voltage-regulating relay and the line-drop 
compensator. The voltage-regulating re- 
lay is sensitive and responds to changes 
in voltages of only a fraction of a per 
cent. To take full advantage, as far as 
regulated voltage is concerned, of the 
sensitivity of the voltage-regulating relay 
would result in almost continuous opera- 
tion of the induction regulator due to the 
continual variation in the incoming supply 
of voltage. It has been found practical to 
adjust the voltage-regulating relay used 
with induction regulators to initiate cor- 
rections when the voltage variation ex- 
ceeds one per cent from the desired level. 
This constitutes a total band width of 
two percent. Corrections would be small 
and very frequent except for the fact that 
the voltage-regulating relay is equipped 
with holding coils which, when the correc- 
tion is initiated, hold the contacts closed 
until the voltage is corrected to approxi- 
mately the center of the band. This 
holding adjustment of the voltage-regu- 
lating relay for induction-regulator con- 
trol differs from that for step regulators 
in that with step regulators only suffi- 
cient holding is used to insure successful 
contact operation. 

The induction regulator responds im- 
mediately when the control initiates a 
voltage correction, with the result that, 
except for instantaneous fluctuations, the 
regulated voltage is kept within the band 
setting. This is an important character- 
istic of induction regulators and should 
be evaluated on the basis that any de- 
crease in variation of regulated voltage 
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Figure 2. Reducing or even reversing the 
reactance compensation is an effective method 
of stabilizing regulators operating in parallel 
where reactance constitutes a large part of the 
impedance of the circulating path and the 
circulating current is therefore largely reactive. 
Increasing the resistance setting to offset the 
reduced reactance setting will have a com- 
pounding effect as shown if the power factor 
is higher at full load 
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permits an increase in the allowable drop 


in the load area for certain given maxi- 
mum and minimum voltages on cus- 
tomers’ premises. 

Single-phase induction regulators are 
basically different from three-phase in- 
duction regulators in the manner of vary- 
ing voltage. In the single-phase induc- 
tion regulator the voltage induced in the 
series winding varies from a maximum 
value to zero and is always in phase with 
the excitation of the shunt winding. 
The fact that no voltage is induced in the 
series winding of a regulator at a certain 
position of the rotor makes it possible to 
by-pass the series winding when switch- 
ing the regulator in or out of service. 
The fact that the induced voltage is in 
phase makes parallel operation feasible. 
The three-phase regulator, on the other 
hand, varies voltage by changing the 


DROP 
COMPENSATOR 


Figure 3. The use of paralleling reactors (X) 
inserted in the contact-making voltmeter cir- 
cuits by means of insulating transformers (T) is 
an effective method of paralleling regulators 
in the same station. This scheme also requires 
a low-power-factor circulating current for 
successful operation, but it has the advantage 
of permitting the line-drop compensator set- 
tings to match the characteristics of the feeder 
circuit 


phase of a constant series voltage through 
180 degrees. By-passing three-phase 
regulators requires paralleling with an- 
other similar three-phase regulator set 
in the same relative position, or the use of 
impedance to limit the circulating cur- 
rent when the series winding is short cir- 
cuited. Except in the maximum raise or 
lower position, the three-phase induction 
regulator displaces the phase of the regu- 
lated voltage and parallel operation 
requires the use of some means for keeping 
the rotors of the regulators in the same 
relative position. This has been ac- 
complished by mechanical connection 
or by the use of Selsyns. 

One method of eliminating phase dis- 
placement in three-phase regulators that 
is used occasionally is the interconnection 
of two three-phase regulators in such a 
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way that the phase displacement of one 
is compensated for by an equal and op- 
posite phase displacement in the other. 

It is inherent in the design of the in- | 
duction regulator to have a lower as well 
as a raise range. Full use can be made 
of the total lower and raise range by 
properly selecting the substation bus 
voltage with the aid of transformer taps 
or by the use of a fixed boost in the feeder 
circuit as shown by B and C, figure 1. 
The installation of shunt capacitors for — 
power-factor correction produces a volt- 
age rise in the feeder circuit as shown by 
figure 1 C, and like a fixed boost enables 
the full use of the lower and raise range 
of the regulator without raising the sub- 
station bus voltage, providing the voltage 
rise produced by the capacitor equals the 
lower range of the regulator. 


Branch-Feeder 
Induction Regulator (4) 


The small single-phase induction regu- 
lator (12 and 24 kva, 2,400 and 4,800 
volts) especially designed for pole mount- 
ing has the same general characteristics 
as the station-type induction regulator. 
Utilizing the same control, it is capable of 
the same precise voltage regulation. 
This characteristic makes it suitable for 
use on main circuits serving important 
loads. Being designed to supplement 
the station induction regulator on long 
heavily loaded branches or to compensate 
for voltage drop in the load area, the 
branch-feeder induction regulator oper- 
ates more slowly than the station regula- 
tor. In case of simultaneous operation, 
the station regulator will make its cor- 
rections very rapidly in comparison to the 
branch induction regulator and elimi- 
nate any unnecessary operation on the 
part of the latter. 

The operation of the branch induction 
regulator is sufficiently slow to permit 
the omission of the brake. This impor- 
tant simplification points to low main- 
tenance requirements, which is an impor- 
tant characteristic of the device. 


Regulating Transformers (5) and 
Station-Type Step Regulators (6) 


The characteristics of a regulating 
transformer are identical with those of a 
load-ratio-control transformer as far 
as correction of voltage is concerned. It 
is a question of transformer design as 
to whether load-ratio-control features 
should be provided in the power trans- 
former used for producing the major 
change in voltage levels, or, alternatively, 
to build the main transformer as a fixed- 
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Figure 4. Diagram showing which regulating 
equipment will correct most efficiently each of 
_ the undesirable conditions listed 


Voltage-regulating equipment: 


A—Generator voltage regulators 
B—Synchronous condensers 
C—Transformers with tap changing under load 
D—Station-type step regulators 
E—Station-type induction regulators 
F—Branch-feeder induction regulators 
G—Branch-feeder step regulators 
H—Branch-feeder boosters 

/—Series capacitor 

J—Shunt capacitor 
K—Autotransformer 


ratio transformer, all regulating to be 
performed by load-ratio-control equip- 
ment in a regulating transformer. The 
latter type of transformer is also appli- 
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On Primary Circuits 


cable where there is no question of any 
major change in voltage level but where a 
variable voltage ratio between two cir- 
cuits of the same nominal voltage is de- 
sired for voltage regulating purposes. 
Changing the voltage ratio of the regulat- 
ing transformer and the station-type step 
regulator, as previously pointed out, is 
accomplished by changing the turn 
ratio. This, of course, involves a switch- 
ing operation of the tap-changing mecha- 
nism. Recognizing contact wear and 
mechanism life as functions of the num- 
ber of operations, all manufacturers of 
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On Secondary Circuits 


OO) 


step-type regulators recommend delayed 
response to reduce the number of opera- 
tions and so obtain reasonable main- 
tenance expense. Increasing the band 
width of the control likewise reduces the 
number of operations. Either of these 
expedients to reduce the number of opera- 
tions results in increasing the variation 
of regulated voltage. 

In the regulation of higher-voltage 
circuits (6,900 volts and up) the lower 
cost of the step-type regulator usually is 
more important than the closer regulation 
obtainable with induction-type equip- 
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ment. In addition to this, the voltage 
variation caused by the fluctuation of a 
given load will decrease as the voltage 
increases, and so operating requirements 
are less severe on subtransmission cir- 
cuits than in the case of lower-voltage 
distribution feeders. 

The conventional step-regulator pro- 
duces an in-phase voltage correction, in 
contrast to the three-phase induction regu- 
lator. From this standpoint the step- 
regulator is especially suitable for regulat- 
ing high-voltage feeders supplying low- 
voltage networks. The paralleling of 
several step-regulated feeders serving 
a low-voltage or a medium-voltage net- 
work smooths out the load voltage be- 
cause of the circulation of equalizing 
currents and so results in a smaller varia- 
tion of regulated voltage than would ob- 
tain on a radial feeder whose voltage is 
controlled by a similar step regulator. 

The power factor of circulating cur- 
rent depends on the ratio of resistance 
to reactance in the loop in which it 
flows. The magnitude of the circulating 
current is determined by the magnitude 
of the voltage difference which produces 
it. With proper adjustments of the 
control—that is, of the voltage-regulating 
relay and line-drop compensator—stable 
operation (of the several parallel regulated 
feeders) can usually be obtained. Sta- 
bility can be readily checked by com- 
paring on the same base, the voltage 
drop of the circulating current in the 
loop beyond the regulating device with 
twice the voltage drop or rise in the 
line-drop compensator resulting from the 
circulating current. If the in-phase volt- 
age required to circulate the current is 
not much more than twice that caused 
by the circulating current in the line- 
drop compensator, there is a possibility 
of instability. The factor 2 appears, of 
course, because of the fact that in the 
case of two parallel feeders, the circulat- 
ing current has an outgoing and return 
path and as only one feeder constitutes 
the outgoing path and only one the re- 
turn path, the circulating current would 
affect only two line-drop compensators. 
Obviously the greater the uncompensated 
impedance in the circulating path, the 
more stable will be the operation. 

In cases where stable operation is dif- 
ficult to obtain, several possible expedi- 
ents may be considered. The simplest 
of these is to decrease or reverse the re- 
actance element in the line-drop com- 
pensator. This is effective where reac- 
tance constitutes a large part of the im- 
pedance of the circulating path and the 
circulating current is therefore largely 
reactive. Decreasing or reversing the 
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reactance compensation (with the corre- 


sponding increase in resistance compensa- 


tion to give the desired load-center volt- 
age at full load) results in a compounding 
effect as the load increases, providing, of 
course, that the power factor also in- 
creases with the increase in load. This 
is shown by vector diagrams A and B in 
figure 2. 

Where regulators of paralleled feeders 
are located in the same station, paralleling 
reactors, such as shown in figure 3, can 
occasionally be used to advantage. This 
scheme requires the insertion of a react- 
ance in the current transformer second- 
ary circuit by means of an insulating 
transformer in addition to the ordinary 
connections of the voltage-regulating 
relay. In operation the reactive ele- 
ment of the circulating current produces 
drops in the paralleling reactors which 
by their effect on the voltage-regulating 
relay tend to hold the regulators together. 
Auxiliary switches are used to short-circuit 
the reactor of any regulator not in service. 
This scheme also utilizes the reactive com- 
ponent of circulating current, but it has 
the advantage of permitting line-drop 
compensator settings in accordance with 
the characteristics of the feeder cir- 
cuits. 

The step regulator with conventional 
control and line-drop compensator set to 
hold voltage at a given point on the cir- 
cuit will hold voltage at that point re- 
gardless of the direction of power flow so 
long as the requirements for voltage cor- 
rection do not exceed therange of the regu- 
lator. The most frequent situation 
involving reversal of power is that of a 
small load and a generating plant tied 
into a larger system. In such a set-up 
it is usually desired to hold voltage at the 
load regardless of power flow and the regu- 
lator would therefore be installed be- 
tween the load and the larger system and 
the control arranged to hold voltage on 
the load side of the regulator. 

It is rarely necessary to provide for 
changing control from one side of a regu- 
lator to the other. This is required 
only when the reversal of power is caused 
by a complete reversal of the principal 
load and the principal source of power. 
In installations of this type the voltage- 
regulating relay is usually switched 
from one line-drop compensator to an- 
other so that different settings may be 
used for the two different operating ar- 
rangements. 


Branch-Feeder Step Regulator (7) 


There is but little justification for in- 
stalling a device having operating charac- 
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teristics which excel the inherent voltage 
characteristics of the circuit on which it is 
applied. In other words, the practical 
advantage of installing a device capable 
of making fine adjustments in voltage on 
a “shoe string” circuit subject to large 
sudden fluctuations in voltage is neg- 
ligible. 

The branch-feeder step regulator is a 
supplementary regulating device whose 
operating characteristics correspond to 
the voltage characteristics of the type of 
circuit on which it is intended to be in- | 
stalled. This regulator covers a range 
of 10 per cent in four 21/2 per cent steps. 
This 10 per cent range can be allocated 
by means of an easily accessible terminal 
board to give any combination of raise 
and lower within the total range of 10 
per cent; that is, it can be connected for 
10 per cent raise, 71/2 per cent raise and 
21/. per cent lower, 5 per cent raise and 
lower, 2!/, per cent raise and 71/2 per 
cent lower, and finally 10 per cent lower. 
This regulator is controlled by the same 
sensitive voltage-regulating relay used 
on the induction and step-type regulators 
which with the 2'/. per cent step and the 
inherent time delay of the mechanism 
combine to keep the number of operations 
of the device and the resultant mainte- 
nance at a minimum. 


Branch-Feeder Booster (8) 


The one-step regulator has voltage- 
sensitive control and is designed to boost 
the voltage automatically at infrequent 
intervals to take care of periodic heavy 
demands on an otherwise lightly loaded 
circuit. By means of terminal board 
connections, the amount of automatic 
boost can be varied from 2'/2 to 10 per 
cent. The series winding is tapped in four 
21/2 per cent sections which can be con- 
nected to give a continuous boost in addi- 
tion to the automatic boost as long as the 
continuous plus the automatic boost 
does not exceed 10 per cent. Also, the 
winding can be connected to lower in- 
stead of raise the voltage or to provide 
any combination of continuous raise or 
lower plus an automatic raise or lower 
within the range of the series winding. 

A one-step device allows the use of a 
two-position control instead of the three- 
position voltage-regulating relay (raise, 
lower, and balanced) required for multi- 
step regulators. The single-step booster 
uses a simple resonant relay as the volt- 
age-sensitive element. The basis of this 
relay is a nonlinear circuit consisting of a 
resistor, a reactor, and a capacitor con- 
nected in series with an auxiliary relay 
coil connected across the capacitor. The 
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permit an accurate and permanent ad- 
justment of the pick-up and drop-out of 
the auxiliary relay. 


Synchronous Condenser 

With Voltage Regulator (9) 

; The chief application of this means of 
regulating the voltage is to situations re- 
quiring power-factor correction. Such 
correction, in the case of transmission 
systems, may involve under-excited opera- 
tion of the synchronous condenser. 
Modern types of generator voltage regu- 
lators are available for providing con- 
tinuous automatic control of the excita- 
tion of the condenser throughout its 
leading and lagging range. Obviously, 
such equipment is suitable for rapidly 
correcting deviations from the required 
voltage level. 


Shunt Capacitors Controlled by a 
Voltage-Regulating Relay (10) 


Automatically switched shunt capaci- 
tors have found limited application in 
Europe® as a substitute for the voltage- 
regulator-controlled synchronous  con- 
denser where the absence of rotating 
machinery with the associated mainte- 
nance and control problem, as well as the 
losses involved, have favored this solu- 
tion. This scheme is in general limited 
to adjusting the amount of connected 
capacity in a few steps and because of the 
duty on the switchgear involved the 
scheme is not well adapted to rapid and 
frequent correction of voltage conditions. 
In case of loss of load, further switching 
problems arise which have apparently 
been successfully solved in Europe only 
because of the longer switching times 
that are considered satisfactory there as 
compared with American practice. 

The recent introduction in the United 
States of a low-capacity low-cost equip- 
ment to switch shunt capacitors installed 
on feeder circuits has opened a new field 
for this method of voltage control. 

In some instances the voltage rise im- 
parted to a circuit by a shunt capacitor, 
installed for power-factor correction, ex- 
ceeds desirable limits under light load 
conditions. This objectionable feature 
can be eliminated by disconnecting all or 
part of the capacitors with this auto- 
matic switch. A conventional voltage- 
regulating relay controls the switch 
which has sufficient inherent time delay 
to prevent unnecessary switching of the 
capacitors with momentary transient 
voltage fluctuations. 

If more than one step is desired, a cor- 
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nonlinear characteristics of the circuit — 


responding number of these switches, all 
controlled by the same voltage-regulating 
relay, can be used. The use of a 
multistep equipment located at the ex- 
tremity of a feeder circuit provides an ef- 
fective means for compensating for more 
or less voltage drop throughout the en- 
tire load cycle. 


Shunt Reactors Controlled by a 
Voltage-Regulating Relay (11) 


The use of such reactors has been pro- 
posed, especially where the charging 
current of high-voltage transmission lines 
would otherwise require the connection 
of synchronous condensers having ex- 
cessive lagging capacity. However, this 
scheme is subject to some of the same dis- 
advantages as the use of shunt capacitors 
controlled automatically in blocks and 
has the further disadvantage of being 
useless if correction of low power factor is 
required. 


Shunt Reactors With Saturating 
Windings Automatically 
Controlled (12) 


Although not subject to the disad- 
vantage of changing the voltage in large 
steps as is the case when shunt reactors 
are switched in and out of circuit, shunt 
reactors having saturating windings are 
limited to locations where correction of 
low power factor will not be required and 
also cannot be used to correct lighting 
flicker conditions, since the time constant 
of the d-c saturating circuit precludes in- 
stantaneous response to voltage changes. 
Furthermore, unless special construction 
is used, it is not possible to eliminate ob- 
jectionable harmonics, due to the pres- 
ence of high saturation in the reactor 
core, that will introduce new problems 
from the standpoint of inductive co- 
ordination. Most of the special con- 
struction features used or proposed to 
eliminate such harmonics are definitely 
limited to certain system connections not 
usually encountered in the United States. 


Series Capacitors (13) 


When used to correct voltage condi- 
tions, it must be realized that at best, 
series capacitors cannot correct for varia- 
tions in the supply voltage of the cir- 
cuit but can only correct for the inductive 
voltage drop. To be effective at all, 
the ratio of reactance to resistance in the 
circuit must be high, and care must be 
used in their application to circuits to 
which certain types of load are con- 
nected.? Series capacitors are relatively 
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expensive because they must be entirely 
at line potential and also include special 
protective means for short-circuit con- 
ditions on the feeder or transmission 
circuit to which they are applied. In 
general, it will not be found advisable to 
attempt to over-compensate for the re- 
actance drop in an attempt to correct 
for part of the resistance drop in the cir- 
cuit. The existence of tapped loads 
along the feeder will frequently make it 
inadvisable to consider their application. 
Although unsuited for correcting light 
flicker due to sudden loads at high 
power factor, they offer probably the 
most effective single corrective means for 
rapid voltage fluctuation due to low- 
power-factor load increments. 


Series Reactor With 
Saturating Windings (14) 


Although the freedom from moving 
parts and absence of need for special 
short-circuit protection for the reactor 
itself at one time made this device look 
promising for feeder-regulating purposes, 
it has not as yet found general applica- 
tion. It necessarily has a bad effect on 
the circuit power factor, and is too slow 
in action to mitigate light flicker ap- 
preciably. 


Summary 


As an example of how the commoner 
types of voltage-regulating equipment 
may be applied to a power system pri- 
marily on the basis of their characteris- 
tics, figure 4 has been prepared. 
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A D-C Transformer 


By T. C. LENNOX 


ASSOCIATE AIEE 


HE COMPANY with which the 

authors are connected undertook the 
design and construction of a device using 
a mechanical commutator which would 
transform direct current from one voltage 
to another. 

The two major commutator problems 
are current collection and commutation. 
It is well known that it is difficult to solve 
these problems especially if certain limits 
are exceeded. In the case of current col- 
lections, the speed of moving contacts 
cannot be indefinitely increased. 

In the case of commutation the chief 
limitation is in the voltage per bar. De- 
signers of commutator machines have es- 
tablished limits of a few hundred volts 
in the case of small current and limits of 
about 60 volts for machines of any con- 
siderable output. To obtain practical 
designs of commutators for high-voltage 
‘circuits it is necessary to increase the 
voltage per bar to very large values, usu- 
ally approaching the breakdown volt- 
age of the air or other medium surround- 
ing the bar. As sparking may ionize the 
air and initiate arc-over, it is necessary 
to have very nearly perfect commutation 
and current collection. 

Accepting this requirement of design, 
it is necessary to devise circuits which 
will give very good commutation of cur- 
rent and voltage under all conditions of 
service. Such circuits may be arranged 
to rectify or invert alternating or direct 
current or to transform direct current 
from one voltage to another. If rectifi- 
cation or inversion is attempted, two great 
difficulties are encountered. First, that 
of obtaining perfect synchronization of 
the commutator with the alternating 
potential and, second, the balancing of 
the current and voltages of the a-c sys- 
tem against those of the d-c system. If 
the currents from any finite number of 
phases of alternating current are rectified 
and totaled, the resultant current is pul- 
sating and consequently will not perfectly 
balance a continuous current. 

These difficulties are absent in the case 
of transformation of direct current, using 
two commutators carried on one shaft 
and connected respectively to the pri- 
mary and secondary of a suitable trans- 
former. Synchronization is perfect and 
inherent and if the number of commutator 
bars per circuit is the same on the primary 
and secondary sides of the apparatus, 
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a true balance of current and voltage is 
possible. The work described in this 
paper was based on this type of appa- 
ratus. 

In the course of the experiments, many 
types of commutators and circuits were 
tested, the earlier tests resulted in the 
arrangement shown in the circuit diagram 
of figure 1. Typical oscillograms are 


BRUSH 
TRANSFORMER 


Figure 1. D-c transformer circuit with syn- 
chronous excitation and commutation and 
with brush transformer 


shown in figure 2. Figure 3 is a photo- 
graph of the test arrangment. 

This circuit employs synchronous con- 
densers to supply the transformer excita- 
tion and to commutate the load current. 
This earlier work covered a period from 
1924 to 1926. At that time we were not 
aware of any work having been done with 
this type of circuit. Subsequently a 
patent! came to our attention. Within 
the last few years the work of others? 
on this same type of circuit has been pub- 
lished. Since these publications explain 
the principle of operation we need discuss 
only the brush transformer which is a 
novel feature and not included in other 
circuits. 

The most desirable wave shape of trans- 
former voltage, from the standpoint of 
the commutator, is a trapezoidal shape. 
This would ordinarily necessitate a special 
and difficult design of synchronous con- 
denser to supply the excitation, but, by 
adding the brush transformer to the cir- 
cuit, a standard sine-wave generator may 
be used, as the brush transformer absorbs 
the difference between the supplied and 
the required voltage wave shapes. 

Since the apparatus is essentially a 
transformer, it was felt that the measure 
of its success would be its ability to meet 
the same tests as a normal power trans- 
former which includes short circuit, sud- 
den application and removal of voltage 
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with and without load, double-voltage — 


test, etc. 

The apparatus shown in figure 2 was 
operated at loads up to approximately 30 
kw, 1,300 volts for periods up to 12 hours. 
Nevertheless, it was concluded that this 
type of apparatus could not be made to 
successfully withstand the tests specified 
above for the following reasons: 


(1) It is extremely difficult, and one might 
say practically impossible from a practical 
and economical standpoint, to design syn- 
chronous condensers of any appreciable size. 
that would respond fast enough to prevent 
flashing over the apparatus on sudden large 
voltage or current changes. 


(2) In the type of commutator (open-cir- 
cuit type) required, the brush rides alter- 
nately on conducting and insulating seg- 
ments. Because of the difference in the 
material of the segments, unequal wear 
results, producing sparking and ultimate 
failure. Also the insulating segments be- 
come dirty and necessitate providing very 
long creepage paths. To minimize these 
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Figure 2. Wave forms obtained with circuit 
of figure 1 


troubles, very frequent servicing of the com- 
mutator would be required. 

(8) The difficulties outlined above and 
other difficulties, such as minute sparking, 
that are negligible at small currents and 
voltages are greatly magnified at higher 
currents and. voltages and cause frequent 
flashover. 


Further experiments to find a more 
satisfactory circuit resulted finally in the 
circuit shown in figure 4 and photograph, 
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g In this circuit static condensers 
are substituted for synchronous conden- 
sers, the brush transformer is eliminated 
and the commutator is changed to the 
ee (short circuit) in which the brushes 

ide solely on conducting segments with 
_an air gap as insulation between the seg- 


“ments. 

; Most of the subsequent tests were 
made with the circuit shown in figure 4. 
A large number of tests were made at 
loads of 100 to 200 kw, 3,000 volts direct 
“current. Since the only previous dis- 
closure of this apparatus has been by 
patent, it will be discussed in detail. 

Referring to figures 4 and 5, there are 

seen to be two commutators mounted ona 

driving shaft with a motor. A minimum 
of six bars per commutator, connected 
through suitable slip rings to the pri- 
mary and secondary windings, respec- 
tively, of a three-phase transformer are 
required. For mechanical reasons, a 
larger number of commutator bars, 
which must be a multiple of six, is de- 
sirable. The commutators shown in 
photograph, figure 5, have 18 bars, of 
which three are connected to each slip 
ring. 

The transformer is of normal construc- 
tion with reactance and losses such as are 
acceptable for commercial a-c use. 
Lower core density than usual was used, 
for reasons to be explained later. The 
frequency depends on the rotational 
speed of the commutator and may con- 
sequently be selected to suit the par- 
ticular design. 


Figure 3. Apparatus used for tests of circuit 
of figure 1 


The motor has a suitable regulating 
device to enable it to maintain constant 
speed under all conditions. 


Voltage Commutation 


Three excitation capacitors are con- 
nected diametrically on the six-phase 
primary winding of the transformer. 
They may equally well be connected to 
the secondary as the magnetizing am- 
pere-turns may be supplied through 
either winding. 

Assume that the commutators are 
rotated at constant speed, that d-c 
voltage is applied to the brushes of the 
primary commutator and that the three- 
phase transformer is of core-type con- 
struction. The voltage generated in 
each phase will be of the form shown 
in figure 6, provided the correct size of 
excitation capacitors are used and pro- 
vided the timing of the commutator as 
determined by brush width, bar width, 
and slot width is correct. 

To explain the generation of the volt- 
age, reference should be made to the 
simplified diagram of figure 7a. As the 
commutator revolves the two active 
bars come under the brushes and full 
d-c voltage is applied to the winding and 
capacitor. This continues for the period 
1-2 in figure 7b. The d-c line is then dis- 
connected by the commutator until con- 
nected in the opposite direction for the 
period 3-4. 

When the connection is made at 1, 
sufficient current will flow into the 
capacitor to charge it up to the potential 
of the d-c lines. At the same time cur- 
rent will begin to flow through the wind- 
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COMMUTATOR 


MAIN- TRANSFORMER 


Figure 4. D-c transformer circuit with static- 
capacitor excitation and commutation 


Figure 5. Apparatus used for tests of circuit 
figure 4 


ing and will increase at such a rate as to 
generate a counter electromotive force 
in the winding equal to the d-c line volt- 
age in accordance with equation: 


ac 
Sa cd i 

When point 2 is reached and the coil 
and capacitor are disconnected from the 
line, this current in the coil will be forced 
to flow through the capacitor. The re- 
sult is that the capacitor is rapidly dis- 
charged and an oscillatory current set up 
in the loop formed by the coil and capact- 
tor. The resultant oscillatory voltage 
across the coil and capacitor will have the 
form shown at F, in figure 7b. It will 
oscillate until the commutator recon- 
nects the d-c line at 3, when it will be 
absorbed by the line, and d-c voltage 
applied to the coil in the opposite direc- 
tion. 

The frequency and amplitude of the 
oscillatory voltage are determined by 
the relative inductance, resistance, and 
capacitance of the circuit. These fac- 
tors are under the control of the designer, 
as are the relative periods of time 1-2 and 
2-3. Consequently, by varying these 
constants, and more particularly, by 
selecting the correct capacitor for a 
given transformer, the oscillation may be 
made to take the form £, of figure 7b. 
Here the crest of the first half cycle of the 
oscillation coincides in time and magni- 
tude with the d-c line voltage which is 
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applied to the coil at 3. The result is a 
smooth commutation of the voltage of 
the coil during the time it is disconnected 
from the line, and, an alternating voltage 
in the coil of the form EF; The capacitor 
being directly connected to the coil 
offers a circuit of negligible reactance, so 
that the coil current may be diverted at 
2 from the d-c line to the capacitor with- 
out causing a spark. At 3 the coil and 
capacitor have a voltage equal to line 
voltage and are consequently reconnected 
without sparking. 

In the case of the six-phase system the 
interaction of three phases results in the 
voltages shown in figure 6. The lower 
trace of the oscillogram, figure 8, shows 
such a wave form of voltage. 

It will be noted that commutation of 
the voltage is obtained by matching the 
frequency of an oscillation with the speed 
of acommutator. Obviously, in order to 
maintain this condition the speed of the 
commutator must remain constant. 
Moreover the inductance and capacitance 
of the circuit must also be constant, as 
otherwise the frequency of oscillation will 
change. This precludes the use of trans- 


former core densities approaching satura- 


PHASE A 


PHASE B ar 


Figure 6. Phase voltages obtained with 
circuit of figure 4 


tion, as a small change in applied voltage 
will result in a great change in inductance 
in such a transformer. The iron should 
be worked at appreciably lower densities 
than those customary in power trans- 
formers. This necessitates a reasonably 
high frequency if economical design is to 
result, and that in turn requires high com- 
mutator speeds—this being one of the 
difficulties of the design of such appara- 
tus. The commutation of rapidly chang- 
ing voltages offers other problems which 
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will be described later, together with 
their solution. 


Load Commutation 
Now assume that a load is connected 


to the secondary terminals of the circuit 
shown in figure 4. Direct current will 


2 Pas 
uaa) 


Figure 7a (left). Schematic diagram of ex- 
citation of circuit 


Figure 7b (right). Wave form of voltages 


flow from the brushes to the load and 
must pass through the transformer 
windings. Corresponding currents will 
flow in the primary windings and will be 
drawn from the primary d-c line. 

The wave form of current in the trans- 
former winding will be as shown in figure 
9. During the period when the brushes 
are not short-circuiting any bars, all 
phases will be in series on each side of 
the polygon and 1/2 d-c load current will 
flow through each of them. This con- 
dition exists during period 2-3, figure 9. 
The currents in the secondary commuta- 
tor (figure 4) must also pass through the 
windings of the single-phase series trans- 
former and a corresponding current will 
be induced in its secondary winding. 
This current will charge the series capaci- 
tor and raise the potential across its 
terminals. It may be noted that all the 
currents in the primary windings of the 
series transformer are not additive, four 
being in one direction and two reversed, 
the algebraic sum being effective in in- 
ducing current in the secondary. 

At time 38, figure 9, the commutator 
will have moved so that two bars of 
phase 1 are simultaneously under each 
brush and both windings of one phase 
of the transformer are short-circuited. 
Also, these short circuits each include 
two windings of the series transformer. 
The voltage of the charged series capaci- 
tor is, therefore, available to circulate 
current in the loop formed. At the 
moment the short circuit is caused by the 
brush, one-half d-c line current is flowing 
in each winding. The current set up by 
the capacitor voltage tends to decrease 
this current. Due to the leakage reac- 
tance of the transformer windings in 
which the current is flowing, the current 
not only decreases to zero but passes 
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through zero and tends to oscillate at a 
frequency determined by the constants 
of the circuit. By suitably designing the 
commutator and transformers and se- 
lecting the correct capacitance, this os- 
cillation is made such as to cause the 
current, at approximately the crest of 
the first half wave, to coincide in time 
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Figure 8. Oscillograms of commutation cur- 
rent and phase voltage of circuit of figure 4 


with the clearing of the short circuit by 
the further rotation of the commutator 
and in value with one-half of the d-c line 
current. The result is that current is 
diverted to the d-c line without sparking. 
The dash curve C;, shown for phase 2, 
figure 9 indicates in more detail the 
nature of this commutation of load cur- 
rent. 

The current in the series transformer 
secondary and in the capacitor is shown in 
the top trace of figure 9. It is seen to be 
the algebraic sum of the three-phase 
currents and to be of triple frequency. 
The top trace of the oscillogram, figure 8, 
shows this current. 

As in the case of voltage commutation 
previously described, the success of the 
scheme depends on the maintenance of a 
fixed frequency and of fixed constants in 
the circuit. 

The commutating circuit forms a 
closed loop during the commutating 
period and commutation proceeds in- 
dependently of occurrences in other parts 
of the apparatus, giving a final value of 
current exactly equal and opposite to the 
initial value. Consequently, if the d-c 
line current changes during this period 
due to changes in load, the final current 
will not be equal to the new value of the 
d-c current and arcing at the brushes 
will occur. This is the primary cause of 
difficulty in commutating during load 
transients and short circuits. The means 
used to mitigate these difficulties will be 
discussed later. 

The charging of the capacitor during 
the period between commutations is’ 
necessary to store up sufficient energy to 
supply the resistance losses of the circuit 
during commutation. Too shorta charg- 
ing period for the capacitor will result in 
the current failing to reach the correct 
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ralue at the correct time, regardless of 
the value of the capacitance provided. 

As a result and as may be seen from 
G1, figure 9, commutation of the current 
gins at a definite rate, as indicated by 
tangent to the oscillation at this point, 
nd an appreciable voltage exists between 
the brush and each approaching bar. 


LOAD COMPENSATION 
CURRENT IN CAPACITOR 


— ¢ sont CIRCUITED 


PHASE 2 


PHASE 3 


Current wave shapes obtained with 
circuit of figure 4 


Figure 9. 


The result is a tendency to burn the lead- 
ing edges of both due to the sudden rush 
of current. This was found to be a real 
difficulty in the operation of the appa- 
ratus. 


Commutator Design 


The design of commutators intended to 
operate with thousands of volts between 
bars takes us into somewhat unexplored 
fields of engineering. The conventional 
commutator teaches little except that 
true roundness, and great strength and 
rigidity to maintain it, are of great im- 
portance. When working with high- 
voltage commutators it is soon found 
that this quality is of even greater im- 
portance and must in no way be sacri- 
ficed to insulation and other factors. 

A different type of commutator from 
figure 5 is shown in figure 10. The 
largest commutator tested is shown in 
figure 11. Due to difficulties resulting 
from thermal expansion of the bars, this 
commutator did not operate as satis- 
factorily as hoped. It is of interest, 
however, that this commutator, together 
with the necessary transformers, capaci- 
tors and other parts, was used for many 
months as a source of 3,000 volts direct 
current for experiments on other models. 
When run under load for some hours it 
was observed that the leading edges of 
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the bars and brushes would blacken no 
matter how much care was taken to keep 
the commutator smooth and round. 
This blackening of bars and brushes on 
the leading edges was due to the abrupt 
beginning of commutation, as previously 
described. The voltage of the charged 
series condenser causes current to flow 


Figure 10. 


100-kw 3,000-volt commutator 


from brush to approaching bar at a 
rapidly increasing rate as soon as contact 
is established at any point. The result 
is a slight spark which eats away the 
copper and carbon. 

The commutator shown in figure 5, 
which was built for 25 kw, 3,000 volts 
was by far the most successful from the 
mechanical standpoint. The bars were 
encased in mica and clamped into deep 
grooves ina metal wheel. Being clamped 
at one point only, they could expand 
freely endways when heated in operation. 
On the heavy steel shaft is mounted a 
machine-steel disk. In the periphery of 
the disk are milled “V” shaped slots. 
The wedge shaped commutator bars are 
moulded into mica and set into these 
slots. The bars project from the slots 
on both sides of the disk. On one side 
were attached the slip rings and on the 
other the molybdenum commutator seg- 
ments. Thus the whole structure was 
carried on the one steel disk. To obtain 
the necessary strength and rigidity a 
heavy steel retaining ring was placed 
over the disk and bars, and steel fillers 
inserted between the ring and the mica 
insulation on the bars. These fillers 
were pressed down onto the bars by set 
screws threaded through the ring. 

The timing of the commutator is deter- 
mined by the relative width of bar, of 
slot, and of brush. However, these fac- 
tors cannot be varied outside of certain 
limits. For instance, a brush too narrow 
will not ride smoothly over the bars and 
slots, and slots too wide in proportion to 
the bar width will, similarly, lead to un- 
even action. As the timing is deter- 
mined in part by the width of brush, it is 
essential that the latter be ‘“‘worn in’ 
over its whole surface and be free from 
broken edges. 

The most unusual feature of the struc- 
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ture is the molybdenum segment on each 
bar. These were used to avoid the black- 
ening of the leading edges of the 
bars. This blackening results from the 
voltage of commutation between brush 
and bar and the consequent immediate 
rise of current at contact. The minute 
spark attending this condition evidently 
vaporizes copper and thereby makes 
pittings init. The high melting point of 
molybdenum, together with its slowness 
to oxidize prevent this to an extent 
within the ability of the brush to keep 
it polished. 

However, the leading edge of carbon 
or graphite brushes would still blacken 
and get rough. In spite of the high 
melting and evaporating points of carbon, 
its poor heat conductivity, together with 
its readiness to oxidize, evidently caused 
this result. Finally a few layers of 
molybdenum gauze were placed against 
both leading and trailing faces of the 
brush and cemented inside a thin casing 
of horn fiber. The graphitized carbon 
of the brush was found to lubricate the 
molybdenum gauze sufficiently to avoid 
severe wear of the commutator, while the 
gauze resisted the destructive action of 
the current. With this arrangement and 
carefully worn in brushes many tests 
were run without showing any apparent 
deterioration of brush or bar. 


Commutation With 
Varying Supply Voltage 


Earlier tests had indicated that voltage 
could be thrown directly onto a “dead” 
machine provided it was running at 
normal speed, but this had never been 


300-kw 3,000-volt commutator 


Figure 11. 


confirmed by applying as much as 3,000 
volts with a large generating capacity 
back of it. 

The principal difficulty to be antici- 
pated here is that of commutating the 
transient magnetizing current that flows 
for a few cycles when a transformer is 
thrown onto the line. This transient 
current reaches very large values if the 
flux density in the iron is normally high. 
The low densities required for the d-c 
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transformer, as already mentioned, bring 

‘this current down to values of the order 
of twice the normal magnetizing current, 
although the very worst condition, which 
is that of strong residual flux in the core 
and switching at the zero point of the 
wave, will result in somewhat more than 
this. 

An arrangement of reactor, capacitor, 
and resistor, connected between the line 
and the commutator, when correctly pro- 
portioned, gave perfect results, no arc- 
overs occurring during a large num- 
ber of voltage applications. If load were 
connected to the equipment, however, 
the reactor core would be saturated by 
the d-c load current. To avoid this it 
was provided with two windings having 
the same ratio of turns as the d-c trans- 
former, and connected in both primary 
and secondary d-c circuits, but in op- 
posite directions so that the load currents 
opposed, and hence had no effect on the 
core. The d-c energizing currents flow- 
ing from either or both d-c lines do not 
oppose and hence encounter the full 
inductance of the reactor, and are effec- 
tive to reduce transient voltages on the 
commutators. A capacitor and resistor 
may be connected between the reactor 
and commutator on the primary side 
only, or on both primary and secondary 
if the equipment is to be energized from 
either side. The effect is to apply the 
voltage gradually during the first few 
cycles and so reduce the transient mag- 
netizing currents. 


Commutation With 
Varying Load Current 


By having a suitable reactor connected 
in series with the equipment, variations 
in load current will set up counter electro- 
motive forces in the reactor which oppose 
the change in current and cushion the 
effect on the commutators. By such 
means the equipment is made to function 
satisfactorily with a varying load. 

To avoid damage from flashover, the 
equipment may be protected with high- 
speed circuit breakers. There being no 
mechanically stored energy in the appara- 
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tus which could flow into a flashover, such 
protection will be much more effective 
than in the case of machinery with a ro- 
tating armature or field structure. 


Conclusions 


It is felt that the circuit constants and 
difficulties in mechanical construction 
have been fairly well explored in connec- 
tion with this investigation and the data 
obtained should be of value in connec- 
tion with new projects. The growing 
need of high- and low-voltage direct cur- 
rent in many fields of electrical engineer- 
ing should result in additional applica- 
tions being undertaken. 
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Discussion 


J. J. Linebaugh (General Electric Com- 
pany, Schenectady, N. Y.): [Editor’s 
Note: This discussion covers also ‘New 
Types of D-C Transformers,” C. C. Hers- 
kind, ELEcTRICAL ENGINEERING (AIEE 
TRANSACTIONS), volume 56, November 
1937, pages 1872-8.] It is very inter- 
esting to have the two papers describing 
two such radically different ways of accom- 
plishing d-c transformation for considera- 
tion at the same time. 

Engineers have long dreamed of a simple 
way to transform direct current from one 
voltage to another voltage similar to the 
well-known a-c transformer and numerous 
attempts have been made to solve this 
difficult problem. Most attempts have been 
along the lines of a commutator driven by a 
synchronous motor of some kind connected 
to operate as an inverter and as a rectifier. 

The two papers on this subject—one using 
straight mechanical means and the other 
mercury-are rectifier vacuum tubes to 
build up a unit which would accomplish the 
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desired conversion—outline a very serious 
attempt to solve this problem so that a 
commercial d-c transformer would be 
available. 

Messrs. Lenox and DeBlieux outline the 
line of attack followed, frank discussion of 
difficulties encountered, and results ob- 
tained. It is the most ambitious attempt 
known to the writer to solve this problem 
and should be of interest to many engineers 
and especially to any one working on the 
development of such a transformer in the 
future. 

It will be of interest to know that one of 
the reasons for the development of the 300- 
kw 3,000-volt transformer was the possi-_ 
bility of operating standard 600-volt street 
cars on a standard 600-volt system and also 
on a 2,400- or 3,000-volt trolley system by 
simply throwing on and off the d-c trans- 
former. 

Several locations were considered, one 
being the routing of such a car from the 
hotel in Butte, Mont., to the hotel in 
Anaconda, Mont., using a 600-volt trolley 
in the two towns and the 2,400-volt 28- 
mile main line of the Butte, Anaconda & 
Pacific Railway between Butte and Ana- 
conda. The scheme looked very promising, 
but unfortunately the automobile and good 
roads came along and absorbed the passen- 
ger business between the two towns. 

Mr. M. A. Edwards has described a small 
inverter built along the lines of the unit 
described by Messrs. Lennox and DeBlieux 
using improvements and material made 
available since that time. This application 
has real merit and, if the demand for a d-c 
transformer becomes great enough un- 
doubtedly the authors have opened the way 
to the development of a successful trans- 
former of the nontube type. 

Mr. Herskind, on the other hand, de- 
scribes connections, circuits, characteris- 
tics, etc., using mercury-arc rectifier tubes 
to take care of commutation difficulties and 
sequence of circuits instead of a mechanical 
commutator. The circuits tried out, giving 
either constant current or constant voltage 
output, open up many possibilities for 
future application. 

While the units under test were not as 
large as the 300-kw d-c transformer, they 
were large enough to demonstrate the prac- 
ticability of such a unit. 

The size of this type of d-c transformer is 
dependent on capacity and reliability of 
mercury-arc rectifier tubes. 

Perhaps the d-c transformer of the future 
will be a combination of the two lines of 
attack covered by these interesting papers. 

It is believed a d-c transformer can be 
made available for commercial use if de- 
mand is great enough to warrant the cost of 
development. 
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Instruments for the New Telephone Sets 


By W. C. JONES 


MEMBER AIEE 


Transmitters and receivers for 
use at subscribers’ telephone stations have 
been designed which not only materially 
improve transmission but also simplify 
manufacture and facilitate maintenance. 
This paper discusses these improvements 
and describes some of the new design tech- 
nique employed in their development. 


SA RESULT of continuous develop- 

ment work on transmitters and re- 
ceivers for use at subscribers’ telephone 
stations, new instruments have been de- 
signed which not only materially improve 
transmission but also embody features 
which simplify manufacture and facilitate 
maintenance. These instruments are 
now being produced for use in handsets, 
desk stands, and wall sets in the Bell 
System. 

In many respects these instruments rep- 
resent outstanding advances in trans- 
mission instrument design and perform- 
ance. It is the purpose of this paper to 
discuss these improvements and to de- 
scribe some of the new design technique 
employed in their development. The 
data presented will be confined almost en- 
tirely to physical measurements which 
serve to define the performance character- 
istics of the instruments. The interpre- 
tation of these data in terms of their re- 
lationship to the characteristics of as- 
sociated apparatus and their over-all re- 
action on transmission in the telephone 
plant is covered by a companion paper 
dealing with the transmission features of 
the new sets.” 


Handset Applications 


The new transmitter unit with an 
adapter was first introduced in 1934 as a 
replacement for the earlier type of handset 
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transmitter.’ There are now about five 
million of these transmitters in use in the 
plant of the Bell System. While experi- 
ence has shown that they effect an out- 
standing improvement in performance 
they do not take full advantage of the 
possibilities of the unit type of construc- 
tion from the standpoint of simplifica- 


Handset and desk stand equipped 
with the new instruments 


Figure 1. 


tion, owing to the fact that a number of 
additional parts are required to mount 
the unit on the existing type of handset 
handle. The advantages of the unit type 
of instrument have been realized in a new 
design of handset introduced during 1937, 
about a million of which have been pro- 
duced. This handset is shown with the 
new combined set in the photograph, 
figure 1, and in cross section on figure 2. 

In designing this handset every effort 
has been made to obtain the maximum 
degree of simplicity consistent with the 
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electrical requirements involved and at 
the same time to secure an attractive de- 
sign which harmonizes with the other 
station apparatus on the subscriber’s 
premises. Only three phenol plastic parts. 
are employed; namely, the handle and 
the transmitter and receiver caps. In 
designing these parts particular attention 
has been paid to providing adequate cross 
sections at the points of maximum stress. 
and to distributing the weight so as to re- 
duce to a minimum the breaking moments 
which are developed when the handset is. 
dropped. The transmitter and receiver 
caps serve the dual purpose of holding the 
units in place and providing mechanical 
protection. In addition they thoroughly 
insulate the user from all the metal parts 
which are included in the electrical cir- 
cuit. Both caps have smooth surfaces 
which can be readily cleaned. As will be 
pointed out later, the grid of the receiver 
cap also has a transmission function and 
plays an important part in determining 
the response in the upper frequency range. 
Spring contacts are provided to facilitate 
the assembly of the units in the handle. 
This operation is further facilitated by the 
fact that specific alignment of the units 
and the caps relative to the handle is un- 
necessary. The spacing between the 
transmitter and receiver is such that the 
handset can be used with the existing 
type of desk mounting as well as with the 
new combined set. 


Desk-Stand and 
Wall-Set Applications 


The photograph, figure 1, also shows 
the new transmitter and receiver unit 


Figure 2. Cross section of the handset 
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adapted to desk-stand and wall-set use. 
Cross sections of these instruments are 
shown on figure 8. The faceplate, 
mouthpiece, and protective grid of the 
transmitter are combined in one phenol 
plastic part which is so designed as to re- 
duce cavity resonance to a minimum and 
provide response characteristics essen- 
tially the same as those of the handset 
transmitter. On the other hand, the 
mouthpiece is sufficiently prominent to 
encourage the user to talk directly into 
it and in this way reduce the losses which 
often result when flush-type faceplates 
are employed with desk-stand and wall- 
set instruments. A phenol plastic part, 
equipped with contact springs, holds the 
unit tightly in the faceplate and provides 
electrical connections. 

As in the handset the unit of the re- 
ceiver is held in place by the cap. Springs 
are provided in the shell for bringing out 
the electrical connections. A metal in- 
sert adds sufficient weight to meet the 
switch hook requirements of the existing 
sets. The phenol plastic parts of both 
the receiver and transmitter are so de- 
signed as to thoroughly insulate the units 
and minimize breakage. 


Transmitter Unit 


The new transmitter unit is of the 
“direct action”’ type, that is, one in which 
the movable electrode serves the dual pur- 
pose of contact and pressure surface. As 
is shown by figure 2, this electrode is 
mounted at the center of a diaphragm of 
thin aluminum alloy formed into a shallow 
cone and ribbed to add _ rigidity. 
“Books” of thin impregnated paper 
mounted in a recess in a die-cast frame 
provide a resilient support for the edge of 
the diaphragm. The fixed electrode is 
held in place in the frame by a threaded 
ring and is insulated from the frame by a 
phenol fiber washer and a ceramic insula- 
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Figure 3. Cross sections of the transmitter and 
receiver for desk stands and wall sets 
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tor which also forms one of the surfaces of 


the carbon chamber. The active sur- 
faces of both electrodes are gold plated. 
A silk annulus clamped at its outer edge 
between the ceramic insulator and the 
frame and its inner edge between the 
movable electrode and the diaphragm 
forms a resilient closure for the carbon 
chamber. Electrical connection between 
the movable electrode and the frame is 
provided by means of metal strips of low 
stiffness. Provision is made for machine 
filling the carbon chamber through a hole 
in the fixed electrode and closing this hole 
by means of a cap which crimps over a 
projecting shoulder. The exposed sur- 
faces of the cap and the threaded ring are 
silver plated and form the contact surfaces 
for the electrical connections. A mois- 
ture-resistant membrane protects the in- 
ternal parts of the unit from the effects of 
condensed moisture from the breath. 
This membrane is clamped at its outer 
edge between a protective grid of perfo- 
rated metal and the frame. A thin 
metal ferrule fastens the grid to the frame. 
The exposed parts of the unit are anodi- 
cally finished to resist corrosion. 

In addition to being simpler than the 
earlier transmitter and hence less difficult 
to produce, the new transmitter unit has 
characteristics such that: 


1. Its performance is less affected by angu- 
lar position. 


2. There is less aging under the conditions 
encountered in service. 


3. The electrical output is higher and the 
response more uniform. 


4. The modulation products resulting from 
nonlinearity are materially reduced. 


EFFECT OF ANGULAR POSITION 


In order to insure good contact between 
the carbon granules and the diaphragm 
in the positions in which the handset is 
most likely to be held in service, the car- 
bon chamber of the earlier transmitter 
was placed in front instead of the conven- 
tional location in back of the diaphragm.? 
The positional characteristics of this 
transmitter were further improved by the 
use of a “barrier” type of variable resist- 
ance element in which the electrodes are 
stationary and form the walls of the car- 
bon chamber, and in which the surface of 
the diaphragm in contact with the gran- 
ules is insulated and serves only as means 
for changing the contact forces between 
the granules in response to the variations 
in sound pressure at the diaphragm sur- 
face. While this transmitter represented 
a distinct advance in handset perform- 
ance from a transmission standpoint 
and was quite effective in reducing unde- 
sirable positional effects, particularly in 
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Figure 4. Positional characteristics of the — 
transmitter 


the “‘horizontal face-up” position, it was 
somewhat complicated mechanically and 
involved the problem of providing 
a closure between the diaphragm and 
the adjacent electrode which would 
be sufficiently resilient to meet the 
transmission requirements and at the 
same time prevent carbon leakage. In 
addition, there was some degradation in 
quality when it was held in the “horizon- 
tal face-down’”’ position where the car- 
bon granules tended to fall away from the 
diaphragm. While this condition oc- 
curred only infrequently in service, it was 
one which it was considered desirable to 
eliminate if this could be accomplished 
without making the structure mechani- 
cally complex or difficult to manufacture 
or maintain. A tendency also was ob- 
served in the field for the resistance to 
increase sufficiently under certain condi- 
tions to react adversely on the operation 
of the associated signaling apparatus. 
Owing to the inherently small areas of the 
sound passages leading to the diaphragm 
the moisture condensed from the breath 
could not be excluded by a membrane 
without complicating the structure and 
adding sufficient mechanical impedance 
to impair transmission. 

Following the introductory work on the 
barrier transmitter, an intensive study of 
the direct-action type of carbon element 
was made to determine whether the limi- 
tations of the earlier structures of this 
type, which arose from the nonfluid 
character of the carbon, could be over- 
come. This study resulted in the trans- 
mitter unit shown on figure 2. This unit 
eliminates the undesirable features of the 
inverted type without sacrificing its de- 
sirable characteristics. 

The electrode surfaces of the new trans- 
mitter unit are so proportioned and so 
spaced relative to each other that the im- 
portant current paths shift their locations 
in the carbon mass with changes in an- 
gular position in a manner such that the 
mean effective pressures in the paths and 
the lengths of the paths result in sub- 
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Figure 5. Limiting values of transmitter 
resistance 


stantially constant resistance in all posi- 
tions. Furthermore, the components of 
the axial motion of the diaphragm effec- 
tive in changing the contact forces in the 
paths are also such as to produce essen- 
tially constant modulation. Not only is 
the total resistance of the paths between 
the electrodes substantially constant, 
but this resistance also is uniformly dis- 
tributed between the individual contacts 
with the result that at no time does the 
contact potential rise to a value suffi- 
ciently high to produce objectionable car- 
bon noise or “‘burning.’’ These features 
result in resistance, volume efficiency and 
carbon noise characteristics which, as is 
shown by figure 4, are essentially inde- 
pendent of angular position. 

Another and perhaps a more exacting 
criterion of the adequacy of a transmitter 
from the standpoint of its ability to func- 
tion satisfactorily in all positions is the 
extent to which its transmission char- 
acteristics at normal speech intensities 
are adversely affected when immediately 
preceded by loud speech. If a poorly de- 
signed transmitter is held in a position 
such that the carbon granules tend to fall 
away from the movable electrode when 
this test is applied, the nonfluid action of 
the carbon will prevent the re-establish- 
ment of contact with the electrode sur- 
face with the result that volume losses of 
as much as 20 decibels and a serious deg- 
radation in quality take place. Fur- 
thermore, these losses persist until the 
transmitter is jarred or moved about 
sufficiently to change the configuration 
of the granules. On the other hand, if the 
effect of the frictional forces within the 
granular mass has been taken fully into 
account in the design of the carbon ele- 
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ment, these forces will not react in a 
manner such as to prevent good contact 
with the electrode following the large 
amplitude produced by loud speech and 
uniform volume and good quality will ob- 
tain at all times. The new transmitter 
meets this test with a substantial margin. 

Carbon leakage is prevented in the new 
instrument without impairment of trans- 
mission by the resilient silk closure for the 
carbon container previously mentioned. 


AGING 


Transmitter design has advanced to a 
stage where heating at the points of con- 
tact in the carbon element need no longer 
be an important source of aging. There- 
fore, such aging of the granular material 
as occurs in a well-designed instrument is 
limited almost entirely to that resulting 
from changes in the properties of the 
granules caused by abrasion of their sur- 
faces when the transmitter is subjected 
to mechanical shocks such as occur when 
the handset is placed on the mounting. 
As in the case of the earlier transmitter, 
the new transmitter is machine filled? 
with the result that the motion of the 
granules and the resultant surface abra- 
sion is reduced to a minimum. 

The changes in resistance due to the 
residual aging have little adverse effect 
in so far as volume is concerned. In fact, 
the constants of most of the circuits in 
which the transmitter is used are such 
that an increase in resistance adds to 
rather than decreases the electrical out- 
put because of the greater amount of 
power supplied to the transmitter from 
the central office battery. 

On the other hand, an increase in resist- 
ance, though small, may prove to be im- 
portant in certain circuits where a critical 
relationship between transmitter resist- 
ance and the performance of associated 
apparatus exists. Under these condi- 
tions variations in transmitter resistance 
may result in failure of the associated ap- 
paratus to perform satisfactorily if cer- 
tain limiting values of resistance are ex- 
ceeded. In determining the limits to be 
placed on these values account must be 
taken of all the variables in the circuit in 
which the transmitter is connected. Ob- 
viously combinations of variables of this 
nature cannot be dealt with on the basis 
of averages alone but must include some 
measure of their range, such, for example, 
as the standard deviation.4 The available 
data indicate that average transmitter 
resistances and standard deviations which 
lie within the area bounded by the dotted 
curve, figure 5, will have no adverse effect 
on circuit operation in the Bell System 


plant. This curve is based on certain 
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marginal circuits of which there are a 
number in everyday use. An important 
transmitter resistance in determining the 
performance of associated apparatus in 
these circuits is the resistance during the 
period when the call is being established. 
This resistance is referred to as the signal- 
ing resistance. As is shown by the solid 
curves the signaling resistance of the earlier 
type of transmitter after artificial aging 
by an amount considered to be the equiva- 
lent of four years in service falls outside 
the acceptable area. On the other hand 
the resistance of the new type when aged 
and measured under identical conditions 
falls well within the limiting curve and 
hence not only requires less frequent re- 
placement but also permits greater free- 
dom in circuit design and plant layout. 

Moisture condensed from the breath 
is an important factor in determining the 
life of a transmitter. A protective mem- 
brane is provided in the new transmitter 
unit which not only is highly moisture re- 
sistant but also results in no appreciable 
transmission impairment. The charac- 
teristics of the material employed in this 
membrane are such that it is not affected 
by the aging conditions encountered in 
service such, for example, as the alkaline 
reaction of water after it has been in con- 
tact with phenol plastic parts or tobacco 
ashes. The exposed metal parts are 
finished to resist the corrosive action of 
these agents. 


RESPONSE 


Reducing the transmitter to an equiva- 
lent electrical circuit provides a useful 
means for analyzing its performance and 
determining the extent to which the in- 
dividual parts contribute to its response. 
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Figure 6. Pressure and field-response char- 
acteristics of the transmitter 
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Figure 7. Sum and difference components as 
a function of the intensity of the fundamental 
frequencies 


Such a circuit for the new unit is shown 
on figure 6. 

While the diaphragm can be repre- 
sented as a lumped mass for frequencies 
in the region below 3,500 cycles per sec- 
ond, it is necessary to consider it as being 
composed of three masses coupled by 
stiffnesses in order to adequately repre- 
sent its performance at higher frequencies. 
These masses consist of the central por- 
tion ms, the ribbed intermediate portion 
m, and the outer portion ms. The cen- 
tral portion includes the mass of the mov- 
able electrode and is coupled to the ribbed 
portion by the stiffness ss which in turn 
is coupled to the outer portion by the 
stiffness s2. The paper books which sup- 
port the edge of the diaphragm have a 
stiffness s, and a resistance 74. Their 
mass is included in the mass of the outer 
portion of the diaphragm m4. The in- 
ternal resistances of the portions which 
form the coupling stiffnesses s, and 5¢ 
are represented by 72 and, 7s respectively. 
A hole is provided in the diaphragm to 
permit rapid equalization of low-fre- 
quency pressures of high intensity and 
prevent damage to the diaphragm and 
other parts. The mass and resistance of 
this hole m3r3 are so chosen that their ef- 
fect on response is confined to frequencies 
below 300 cycles per second where the 
station circuit itself is relatively ineffi- 
cient. The controlling stiffness s3 is 
that of the cavity between the dia- 
phragm and the die-cast frame. As is to 
be expected the impedance of the carbon 
granules is a function of amplitude and 
frequency. However, for the purpose of 
this type of analysis, their impedance 
characteristics can be represented to a 
first approximation by a constant stiff- 
ness and resistance 7555. The mass of 
the carbon is lumped with that of the 
central portion of the diaphragm. The 
grid of the transmitter unit proper is pro- 
vided for mechanical protection only and 
has holes large enough to have no reac- 
tion on response. When assembled in a 
handset or desk stand a second grid of 
insulating material is added. The holes 
of this grid have a mass and resistance, 
Moro, Which must be taken into account 
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in arriving at an over-all picture of the 
factors affecting response. These holes 
are coupled to the moisture-resistant mem- 
brane m1, by means of the stiffness so 
of the enclosed cavity. The cavity stiff- 
ness 5; couples the membrance to the dia- 
phragm. 

There are two types of response-fre- 
quency measurements in general use; 
namely, pressure-response measurements 
in which a constant sound pressure is 
maintained at the face of the transmitter 
throughout the frequency range covered 
by the test, and field-response measure- 
ments in which a sound field of constant 
intensity is established at each frequency 
before inserting the test transmitter. 
Pressure response is used principally for 
purposes of analysis whereas field re- 
sponse usually affords a better measure 
of the performance of the transmitter 
under the conditions of actual use. 

The pressure response of the new trans- 
mitter measured with a constant sound 
pressure at the grid, and the response 
computed from the equivalent circuit 
are shown on figure 6. The transmitter 
used in this test was artificially aged by an 
amount equivalent to two years of sery- 
ice in order to simulate more nearly 
plant conditions. While the computed 
curve departs slightly from the measured 
curve at certain frequencies, due to the 
inadequacy of some of the basic assump- 
tions, such as those which were made rela- 
tive to the impedance of the granular car- 
bon, the agreement in general is so good as 
to provide a powerful tool for predeter- 
mining the response characteristics of 
transmitters under development and a 
useful method for evaluating the reaction 
of one element of the transmitter on an- 
other. Reducing the transmitter to an 
equivalent electrical circuit also has 
proved invaluable in determining the 
causes of variations in transmitter per- 
formance observed during manufacture. 

As previously mentioned, the response 
characteristics of a transmitter under con- 
ditions of actual use may differ from those 
obtained with a constant pressure at its 
face. In general this is due to the fact 
that the diffraction effect of the trans- 
mitter as an obstacle in the sound field 
has not been taken into account. While 
not as readily predetermined as the pres- 
sure response, the field response can be 
easily measured by inserting the trans- 
mitter in a sound field of constant in- 
tensity. An artificial voice’ is used in 
this measurement as a sound source and 
the electrical input is adjusted to main- 
tain a constant sound pressure at the 
guard ring at each frequency before in- 
serting the instrument under test. Re- 
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_ sponse curves for the new and early types 


of transmitter obtained in this way also 
are shown in figure 6. Both show rising 
characteristics in the region of 2,000 
cycles per second. While it is feasible to 
design a transmitter having a substan- 
tially flat field characteristic, experience 
has shown that the transmission obtained 
with a transmitter having a rising re- 
sponse in this frequency region more 
nearly approaches direct speech,” when 
used with a representative line and the 
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Figure 8. Closed-coupler response charac- 
teristics of the receiver 


new receiver, than that obtained with one 
having a more uniform field response. 


NONLINEAR DISTORTION 


A substantial reduction in nonlinearity 
has been effected in the new transmitter 
unit. 

It is a well-known fact that the slope of 
the input-output curve of most trans- 
mitters is not unity even for sound in- 
tensities other than those at which over- 
loading occurs. However, this departure 
from nonlinearity does not entirely ac- 
count for the modulation products de- 
veloped when two frequencies are im- 
pressed on the transmitter. Measure- 
ments of the sum and difference com- 
ponents in the output of the new trans- 
mitter and the earlier transmitter for 
frequencies of 1,500 and 1,700 cycles per 
second are shown on figure 7. It will be 
noted that whereas the difference com- 
ponent produced by the earlier instrument 
is equal to the fundamental within the — 
speech range, the sum and difference 
components are both ten decibels or more 
below the fundamental at all the intensi- 
ties measured in the case of the new unit. 

A tendency for the difference com- 
ponent to be considerably more pro- 
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nounced than the sum component in the 
case of the earlier transmitter is charac- 
teristic of all of the commercial instru- 
ents measured during the development 
f the new unit. As previously men- 
tioned, this cannot be fully explained by 
a nonlinear relationship between input 
d output. The available data indicate 
at it is due to the manner in which the 
Tesistance changes cyclically when pres- 
sure waves of two frequencies are im- 
pressed simultaneously on the trans- 
mitter. Similar effects also have been 
observed in the microphonic action of 
carbon contacts themselves. Hence it is 
not unlikely that this is a fundamental 
characteristic of the carbon itself. If 
this proves to be true the extent to which 
an improvement can be effected in the 
performance of the transmitter will de- 
pend upon the ultimate control which can 
be exerted over the basic properties of the 
granular material. 


Receiver Unit 


The new receiver unit is of the bipolar 
permanent-magnet type. The magnetic 
circuit consists of pole pieces of 45 per 
cent Permalloy, two straight bar mag- 
nets of Remalloy and a Permendur 
diaphragm. The magnets are welded 
to the pole-pieces to form a unit which is 
mounted on projecting lugs on the die- 
cast frame. The coils are wound with 
enamel insulated wire interleaved with 
cellulose acetate. The pole tips project 
through a phenol fiber plate which is 
fastened at the edge to the frame to form 
a cavity in back of the diaphragm. This 
cavity is connected to the recess in the 
handset handle or receiver shell by a hole 
in the plate. A disk of specially pre- 
pared silk covers this hole and provides 
the required amount of acoustical re- 
sistance. The silk fabric is so woven that 
it does not change in resistance with 
wetting and drying. The front of the 
unit is protected by a perforated metal 
grid which is assembled to the frame by 
means of a thin ferrule. A disk of im- 
pregnated silk is mounted between the 
grid and the frame to form a screen which 
prevents the transfer of foreign material 
from the front to the back of the dia- 
phragm when the receiver is dropped. 
The grid and ferrule are anodically fin- 
ished to resist corrosion. The spring 
contact surfaces are silver plated. 

Prior to the introduction of this unit 
the receivers in general use for telephone 
purposes in this country and abroad em- 
ployed simple resonant diaphragms and 
as a result had response characteristics 
which were characterized by prominent 
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resonance peaks, Asa rule the peak due 
to the first overtone, as well as that due 
to the fundamental resonance, fell within 
the important frequency range. This 
resonance not only introduced frequency 
distortion but increased the intensity 
with which circuit disturbances such as 
clicks were reproduced. Furthermore, 
the diaphragms of these receivers were 
rigidly clamped between surfaces which 
differed in temperature coefficients of 
expansion and heat capacities from those 
of the diaphragm with the result that the 
performance of the receiver was erratic 
and at a given time was dependent upon 
the temperature changes to which it had 
been subjected. 

The new receiver is so designed that: 


1. All prominent resonances within the 
important frequency range have been 
eliminated and the response within this 
range materially improved. 


2. The effect of changes in temperature 
has been eliminated. 


3. These improvements have been accom- 
plished without sacrificing simplicity of 
design or introducing features which com- 
plicate manufacture of the receiver or in- 
crease the maintenance required. 


RESPONSE 


An equivalent electrical circuit for the 
receiver and a typical closed coupler re- 
sponse curve are shown on figure 8. Re- 
ferring to this figure it will be noted that 
there are two meshes in the circuit which 
contain mass, stiffness and resistance and 
which control the motion of the dia- 
phragm. One of these meshes consists 
of the acoustical resistance mr; coupled 
to the diaphragm moSoro by the stiffness 
s, of the cavity between the diaphragm 
and the plate which surrounds the pole 
tips. Included in this mesh is the stiff- 
ness S2 of the cavity in the handset handle 
or receiver shell. The other mesh is 
composed of a cap grid msrz and the load 
s, coupled to the diaphragm by means of 
the cavity stiffness s;. The grid of the 
receiver unit proper is provided for 
mechanical protection only and has holes 
large enough to have no reaction on re- 
sponse. The mass of the resilient screen 
is small and is lumped with the diaphragm 
mass mo. The electrical portion of the 
circuit consisting of the winding Ril; 
and the equivalent eddy current circuit 
RL, is coupled to the mechanical and 
acoustical portion by means of the force 
factor M.’ 

The response computed from the equiva- 
lent circuit for a number of frequencies 
is included on figure 8. The agreement 
between this curve and the measured 
curve is excellent and makes it possible 
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to predetermine the response of the re- 


ceiver with a high degree of accuracy, 
and to evaluate the effect on the over-all 
response of the receiver of changes in the 
constants of the component parts. This 
type of analysis also has been invaluable 
as an aid in establishing the causes of 
variations in response which have been 
observed during the development and 
production of the receiver. A measured 
response curve of a receiver of the earlier 
type has been added to figure 8 for con- 
venience of reference. The improvement 
in uniformity and range of response is 
obvious. It will be noted that large 
gains have been effected for frequencies 
in the range from 1,500 to 3,000 cycles per 
second, 

The response of the receiver to a square- 
topped wave affords an excellent measure 
of frequency distortion. Oscillographic 
records of the output of typical receivers 
of the new and earlier types are shown on 
figure 9 for a frequency of approximately 
50 cycles per second. The distorting 
effect of diaphragm resonance is so ob- 
vious as to require no comment beyond 
pointing out that for accurate reproduc- 
tion of square waves uniform response 
for an infinite frequency range is re- 
quired and that the slight rounding of the 
corners of the wave as reproduced by the 
new receiver is due primarily to the falling 
off of its response above 3,000 cycles per 
second. 

The substantially uniform response of 
the new receiver also renders clicks and 
other surges much less objectionable. 
This is due to the fact that the ear does 
not respond to the peak value of an os- 
cillatory transient alone but integrates 
the oscillation over an interval at the 
beginning of the surge, hence the higher 
the damping the less objectionable the 
click. 

The nonlinear distortion produced by a 
receiver of the new type is negligible in its 
reaction on transmission, the harmonics 
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Figure 9. Response of the receiver to square 
waves 


A—Measuring circuit—no receiver 
B—Early type receiver 
C—New type receiver 
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in the output being 35 decibels or more 
below the fundamental. 


MAGNETIC CIRCUIT 


Inasmuch as the magnetic properties 
of the diaphragm, as well as its mechani- 
cal properties, must be considered in ar- 
riving at the preferred dimensions, it was 
necessary in designing the new receiver 
to develop criteria which could be applied 
in determining the optimum relationships 
between these factors. This study led 
to the use of the ratio of the force factor 
to the effective mass of the diaphragm for 
this purpose. For given magnetic mate- 
rials in the pole pieces and the diaphragm 
and a given air-gap length, there is a pole- 
face area and diaphragm thickness for 
which this ratio is a maximum. Typical 
data illustrating this relationship are 
shown on figure 10. The available mag- 
netic materials were studied using this 
technique and a decision was reached to 
use Permendur in the diaphragm and 45 
per cent Permalloy in the pole pieces. 

There is a value of polarizing flux for 
which the force factor of the given mag- 
netic circuit is a maximum. The rate at 
which the force factor falls off above and 
below this optimum value of flux is a 
function of the magnetic characteristics 
of the materials employed, the length of 
the air gaps, etc. Without exception the 
more efficient magnetic circuits have been 
found to be the most critical as regards 
polarizing flux. Hence, if wide variations 
in the efficiency of the product receivers 
are to be avoided and serious losses due 
to subsequent demagnetization in service 
prevented, means must be provided not 
only for bringing the flux in each re- 
ceiver to the optimum value, but also for 
insuring that it remain at this value dur- 
ing the life of the instrument. In order 
to accomplish this result the magnets of 
the new receiver are so designed as to 
overpolarize the magnetic circuit when 
they are fully magnetized. Equipment 
is provided for demagnetizing each re- 
ceiver to its optimum flux value during 
the assembly process. Receivers which 
are not sufficiently overpolarized before 
demagnetization to resist further de- 
magnetization under service conditions 
are rejected. 


TEMPERATURE EFFECTS 


The diaphragm of the new receiver is 
held in place by the force developed by 
the polarizing flux and hence it is free to 
expand and contract independently of its 
seating surface. This feature renders the 
performance of the receiver independent 
of the changes in temperature to which it 
has been subjected. The force due to 
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the polarizing flux is sufficiently high to 


prevent rattling at input intensities 
many times those of loud speech. 


Coupling 


Although station circuits can be de- 
signed which under ideal conditions re- 
sult in no sidetone, this objective is never 
fully realized under actual plant con- 
ditions, with the result that a part of the 
electrical output from the transmitter 
always reaches the local receiver. 
Whether the electrical coupling between 
the transmitter and receiver as evidenced 
by the residual sidetone is of importance 
from the standpoint of sustained os- 
cillation or “howling,” depends upon the 
degree of mechanical and acoustical 
coupling between the instruments. 
Handset and instrument design has ad- 
vanced to a stage where mechanical 
coupling need no longer be a problem. 
On the other hand, as the response of the 
instruments is improved, the acoustical 
coupling may become an important item 
in determining the howling margin. 
This margin is so large under the condi- 
tions where the new handset is being used 
for transmission purposes that there is no 
tendency for oscillation or distortion to 
occur. However, if the handset is 
placed face downward on a desk or table, 
an air column is created which resonates 
in the region of 2,500 cycles per second. 
Inasmuch as this is the region where a 
substantial improvement in the response 
of the receiver has been effected, a marked 
reduction in howling margin results. 
While there is still sufficient margin to 
meet all of the requirements of field use, 
this situation serves to emphasize the fact 
that such factors as acoustic coupling 
may limit the transmission improvements 
which can be effected under a given set of 
operating conditions. 


Effective Transmission 


The extent to which the better per- 
formance of the new instruments is ef- 
fective in improving the grade of trans- 
mission afforded the telephone user is a 
complex matter and one which is in- 
fluenced by such factors as the charac- 
teristics of the circuits with which the 
instruments are associated at a given 
time, the amount of noise present at the 
transmitting and receiving stations, the 
reaction of sidetone on the loudness with 
which the user speaks, the distance be- 
tween his lips and the face of the trans- 
mitter, the tightness with which he holds 
the receiver to his ear, etc. Many of 
these factors are beyond the control of 
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RATIO OF FORCE FACTOR TO 
DIAPHRAGM EFFECTIVE MASS 


Figure 10. Force-to-mass ratio as a function 
of diaphragm thickness and pole-piece area 


the engineer responsible for the design 
of the transmitter and receiver and hence 
can be evaluated, in so far as their re- 
action on transmission is concerned, only 
by tests made under the conditions of 
actual use. 

A method has been devised which 
makes it possible to rate the over-all 
effect of these factors on transmission in 
a way representative of the results ob- 
tained by the subscribers in their normal 
use of the instruments.’ Numerous tests 
employing this method of rating were 
made during the development of the new 
transmitter and receiver to make certain 
that the course followed in their develop- 
ment would insure the best possible per- 
formance under service conditions. Simi- 
lar tests were also made of the designs 
selected for production. These tests 
show that in many respects the new in- 
struments represent outstanding advances 
in transmission instrument design and 
performance. 
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Combined Thyratron and Tachometer 
Speed Control of Small Motors 


UCH has been done in applying 
thyratrons to motors.!~4 This 

paper is restricted to cases where the 
speed of the motor is measured by an 

electric tachometer whose output is used 

to control the motor input. Since this 

_ control is made fast by the use of thyra- 
trons, it is possible to hold the speed of 
the motor constant under difficult con- 
ditions or to vary it rapidly in exact 
accordance with requirements. Three 
applications of control of this general type 
are described together with the methods 
used. The first application is to a null- 
type high-speed recorder, the second to a 
high-speed controller, and the third to a 
motor generator set held in synchronism 
with a source of frequency normally con- 
stant and at low power level. 


J 
. 


High-Speed Recorder 


One of the principal problems in de- 
signing a high-speed recorder is to move 
the pen or stylus to its final position 
within the allowed time without over- 
shooting. If the quantity being meas- 
ured, after making an abrupt change, 
holds constant at its new value until the 
chart paper has advanced sufficiently for 
the pen to draw a short section of straight 
‘line, then, any overshooting of the pen if 
present can be recognized as such and the 
record can be interpreted without serious 
error. However, the measured quantity 
may not be constant at its new value, in 
which case overshooting is very objec- 
tionable because it is impossible to dis- 
tinguish between overshooting and the 
true maximum or minimum value of the 
measured quantity. 

In the case of a null-type instrument, 
such as a slide-wire recorder, inertia is 
generally large, which fact tends to ac- 
centuate overshooting. Inertia is gener- 
ally large because of certain accessories, 
and allowance for such accessories, as 
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control disks, slide-wire transmitters, 
Selsyn transmitters, etc. By avoiding 
these accessories and redesigning with 
lighter parts the overshooting can be 
reduced,® but a very good way to elimi- 
nate overshooting entirely and at the 
same time have rugged parts and retain 
the accessories is to reduce the speed as 
the balance point is approached. 

One way of reducing speed is to reduce 
motor input, but in general motor input is 
a poor index of motor speed because of 
the effect of inertia load, variable friction 
load, and the limitations of motor char- 
acteristics.“7 Ways of reducing the 
speed more definitely have been investi- 
gated and it has been found to be most 
satisfactory to use an electric tachometer 
to measure speed and control it. 

With the use of the tachometer, the 
motor requirements are simplified. It 
need only be capable of meeting the 
maximum torque demand and should, of 


Figure 1. Motor and coupled tachometer 


The d-c tachometer for controlling the motor 
speed is flexibly coupled to an extension of the 
motor shaft 


Figure 2. Combined motor tachometer unit 


The d-c tachometer for controlling the motor 
speed is built into a common frame with the 
motor 
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course, have minimum inertia if maximum 
speed of recording is desired. A series 
commutator motor serves very well. The 
field turns are reduced somewhat below 
standard d-c practice. This reduces field 
inductance and gives better performance 
on the pulsating output of the thyratrons. 

The tachometer is nothing more than 
a d-c generator with a permanent-magnet 
field. Figure 1 shows it as a separate 
unit coupled to the motor through a 
coupling designed to have maximum tor- 
sional stiffness. Figure 2 shows it built 
integral with the motor. 

The motor receives its power through 
one or the other of a pair of thyratrons, 
for forward or reverse torque, as required. 
The connections are indicated schemati- 
cally in figure 38. This figure shows the 
recorder as a d-c potentiometer of low 
range (2'/. millivolts).6 The current 
through the slide-wire potentiometer is 
set at a fixed value so that each and every 
position of the slide-wire contact cor- 
responds to a known voltage and, since 
the pen moves with the contact as it is 
driven to the balance point by the motor, 
the pen position indicates the value of the 
measured electromotive force. 

Any unbalance is detected by a vacuum- 
tube amplifier. This is not a d-c am- 
plifier as might be supposed. In general 
d-c amplifiers are subject to a drift in 
zero. Instead an a-c amplifier is used 
which can have slight drifts in sensitivity 
but no drift in zero. 

The a-c signal for the amplifier is de- 
rived from the unbalanced d-c voltage by 
the action of a carbon-microphone modu- 
lator driven at approximately constant 
amplitude at line frequency. This form 
of detector is fast and free from the ef- 
fects of vibration. 

In operation, if there is a sudden de- 
crease in the electromotive force being 
measured, there will be an unbalanced d-c 
voltage in this circuit. A current will 
flow, the microphone will modulate the 
current, that is, it will produce an a-c 
component. The a-c component in pass- 
ing through the primary winding of the 
low-level transformer will develop an a-c 
voltage across it. The secondary wind- 
ing will apply a stepped-up a-c voltage to 
the amplifier. The amplifier output is 
connected to a push-pull transformer 
which in turn is connected to the grids 
of the thyratrons. The thyratron plates 
are supplied with an a-c voltage having a 
definite phase relation to the microphone 
drive. In one or the other of these thyra- 
trons, the grid will be positive when the 
plate is positive and this tube will pass 
current, thus urging the motor to drive 
the pen downscale. 
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Figure 3. Simplified diagram of potenti- 
ometer recorder 


As shown, the circuit is arranged for recording 
the voltage of a thermocouple. When used 
as a controller the part to the right of B-B is 
unchanged except for the addition of an 
inductance in series with R 


If, instead of a sudden decrease, there 
is a sudden increase of the measured 
electromotive force the unbalanced direct 
current will be in the opposite direction, 
the phase of the alternating current ap- 
plied to the amplifier will be reversed, 
so that the grid of the other thyratron 
will be positive when its plate is positive. 
It will pass current and urge the motor to 
drive the pen upscale. 

If there is no unbalance there will be 
no direct current through the microphone, 
there will be no a-c component, and no 
motor current. 

From this it can be seen that, if the 
recorder is balanced, it will stay balanced, 
and if it is unbalanced, it will be urged 
toward the balanced position (with full 
torque). 

If the recorder consisted of nothing 
more than this, it would overshoot (and 
possibly oscillate) due to inertia of the 
parts, hence the use of the tachometer. 

The tachometer voltage is attenuated 
by a pair of resistors connected as shown. 
This voltage is then introduced into the 
circuit of the measured electromotive 
force so that in operation, the speed of the 
motor is controlled to maintain the sum 
of all three voltages in this circuit at 
zero. In other words, the tachometer 
voltage is controlled to be equal to the 
difference between the measured electro- 
motive force and the slide-wire electro- 
motive force. Hence the speed of re- 
balance tends to be proportional to the 
remaining unbalance. In this way, the 
speed is reduced as the balance point is 
approached so that there can be no over- 
shooting no matter how abrupt nor how 
large may be the change in the measured 
quantity. 

It is of interest to consider a system of 
this general type in the case where the 
only limitations are a fixed torque and a 
fixed inertia. In this case, the quickest 
conceivable way to get the system bal- 
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anced is to throw on full accelerating 


torque and leave it on up to a certain © 


critical time, at which time the torque 
should be reversed. If the time be cor- 
rectly chosen for reversal the system will 
just come to rest at the balance point. 
This time can be picked by using a tach- 
ometer with a voltage output proportional 
to the square of the speed. The method 
is effective for any magnitude of un- 
balance and for any position of the bal- 
ance point. This is evident when one 
considers that the kinetic energy in the 
motor (and parts that move with it) in- 
creases in proportion to the square of the 
speed and that this energy must never be 
allowed to exceed that which can be ab- 
sorbed subsequently by the braking of the 
motor. The energy which can be ab- 
sorbed decreases directly with the re- 
maining distance to the balance point. 

At every instant the voltage from the 
square-law tachometer indicates the ki- 
netic energy and the remaining unbal- 
anced voltage indicates the energy which 
can be absorbed by braking, so, as soon 
as the former voltage equals the latter, 
the accelerating torque is turned off and 
the braking torque is turned on. 

In practice, it has been found that the 
nonlinear current-voltage curve of a cop- 
per—copper oxide rectifier* when used with 
a linear tachometer gives a very satis- 
factory square-law tachometer as indi- 
cated by the resulting performance shown 
in figure 5. It may be noticed that the 
point of maximum speed does not occur 
exactly half way toward balance either in 
distance or in time as it would in the 
limiting case. The greater time given to 
deceleration is the result of a margin of 
safety in the adjustment of the tachome- 
ter voltage in order that overshooting 
may not occur under the worst combina- 
tion of adverse conditions. 


High-Speed Controller 


Those familiar with problems of auto- 
matic control will recognize in the re- 
corder system just described some fea- 
tures and elements well suited to auto- 
matic control. Refer to figure 3 and con- 
sider the system to the right of B-B as a 
controller. Disregard the part of figure 
3 to the left of B-B and consider instead 
that there is here substituted the machine 
or system to be controlled. S is an 
electromotive force which indicates the 
deviation from normal of the controlled 
variable such as speed or temperature. 
A is the position of the control motor 
shaft and also the position of the rheo- 
stat or valve or whatever is involved, but 
which, in any case, if changed, will sooner 
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or later affect the deviation voltage S. 

From the description of the recorder 
already given (and with a linear tach- 
ometer) it is evident that the shaft will be 
moved at a speed proportional to the 
deviation voltage S. That is: 


a KES (1) 
dt 


where ¢ is time and KA, is a constant. 
This well-known type of control,? which 
is quite satisfactory for the recorder, is 
likely to be quite unsatisfactory for con- 
trolling a machine or system which in — 
itself has delay or time lag. Quite often 
if set up to operate with speed sufficient 
to be useful, it will hunt or cycle. 

If the effect of the tachometer is re- 
duced to a negligible amount by in- 
creasing R or decreasing r (figure 3) and 
if at the same time a slide-wire potenti- 
ometer with its output connected in series 
with the deviation voltage S is placed upon 
the control motor shaft, then the position 
of the shaft will be controlled to be pro- 
portional to the deviation S. That is: 


A = KS (2) 


This well-known type of control® is not 
likely to hunt. It does not, however, 
reduce to zero the deviation from normal 


Figure 4. High-speed potentiometer recorder. 


The upper case contains the motor, tachometer, 

slide-wire, slide-wire rheostat, pen, and 

chart while the lower case contains the micro- 

phone, low-level transformer, voltage ampli- 
fier, and thyratrons 
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unless equilibrium just happens to be 
reached for the normal position of the 
control motor shaft, A. 

By omitting the slide-wire and placing 
series with the tachometer, inductance 
well as resistance we get the well- 
own type of control! 


dS 
KiS — 


aA 


dS 
K4| RS — 
( +18) 


. dt 
where R is the resistance in ohms and L 
is the inductance in henries in the tach- 
ometer circuit. L is not shown in figure 3. 
Ky is revolutions per second per volt in 
the tachometer divided by r (the coupling 
resistor) in ohms. S is the deviation in 
volts and A the position of the shaft in 
revolutions. ¢ is time in seconds. 

By choosing proper constants this con- 
trol becomes as stable and fast as type (2) 
and reduces the deviation to zero as does 
type (1). 

It is of interest that the complete con- 
trol system uses no elements which are 
not used in the recorder with the ex- 
ception of the inductance L. The motor 
tachometer unit figure 2 is mounted on 
the rheostat or valve of the system being 
controlled. This type of controller is of 
value for processes which require sen- 
sitivity and speed in their control, but 
which in themselves have too great a 
time lag to permit the use of a simple type 
of control. The magnitude of the proc- 
ess time lag that can be handled satis- 
factorily with this type of control is 
limited by the circuit elements available 


WITH MODIFIED 

(APPROX! MATELY 
SQUARE LAW) 
TACHOMETER 


WITH LINEAR 


a 
(LESS THAN = TACHOMETER 


2 SECONDS) 


WITH NO 
TACHOMETER 


Figure 5. Recorder rebalancing curves 


These curves show how overshooting can be 

eliminated and how the rebalancing time 

can be reduced by the proper use of a 
tachometer in a recorder 
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for use in the tachometer circuit in the 
controller, Principally, the limitation is 
in the time constant of these circuit ele- 
ments. 


Synchronized Source of A-C Power 


The problem here is to provide an a-c 
source of several hundred watts syn- 
chronized with a signal capable of supply- 
ing only a small fraction of a watt. The 
signal frequency is normally held con- 
stant at 60 cycles per second. One pos- 
sibility is the use of a thyratron inverter, 
but in some applications a controlled 
motor-generator seems better suited, 
because tube capacity requirements are 
less, the output voltage can be made in- 
dependent of input voltage variations, 
and tube failure causes only a loss of 
frequency control rather than a complete 
loss of voltage. 

The generator is necessarily an a-c 
machine. The motor is a d-c machine, 
shunt (or compound) wound, and re- 
quires a d-c source of supply. The 
control of the speed of the shaft is the 
means whereby the frequency of the gen- 
erator output is controlled. The speed is 
controlled by the action of a thyratron on 
the motor field. For the purpose of con- 
trol the speed function is obtained by 
comparing the frequency of the gener- 
ated a-c wave with the voltage wave of 
the standard signal. Hence in this appli- 
cation the a-c generator itself serves as 
the equivalent of a tachometer. 

The thyratron is supplied with alternat- 
ing voltage on its plate from the a-c 
generator (self-excited) and with alternat- 
ing voltage on its grid from the control- 
ling signal. In operation, if the machine 
slows down the plate voltage increases 
its lag with respect to the grid voltage, 
more current is passed which weakens the 
motor field until the speed is returned to 
normal. 

If the cause of the slowing down re- 
mains, the field must continue in its 
somewhat weakened condition as a result 
of more thyratron current which in turn 
is maintained by a greater phase lag of 
the output voltage of the a-c generator 
with respect to the signal voltage. The 
control therefore sets motor field pro- 
portional to the relative angular posttion 
of the generator rotor. 

When this system was still in the ex- 
perimental stage and consisted of no 
more than that described above, it was 
found that full load variations could be 
taken care of readily, but that the d-c 
input voltage had to be maintained within 
rather close limits. This was not sur- 
prising because of the inherent char- 
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Figure 6. Simplified diagram of synchronized 
motor generator 


This diagram shows, in addition to the basic 

control, how the voltage across the motor 

field is integrated by the RC circuit and how 
the result is used to modify the control 


acteristics of a shunt motor with field 
saturation of the usual amount. Changes 
in load require only small changes in 
field (even less if there is compounding), 
but changes in d-c input voltage require 
very considerable changes in field. A 
wide range of d-c input voltage, there- 
fore, dictates that the maximum effect of 
the thyratron on the field be large. 
Since this large effect must reduce to 
zero as the advance in the rotor increases 
to only one-half of a cycle (180 electrical 
degrees), the phase control can be said to 
Der sti. 

Stiffening the phase control increases 
the tendency to hunt; hence there is 
needed some means for counteracting 
this tendency so that the phase control 
can be made stiff enough to permit a 
satisfactory range of d-c input voltage. 

The immediate effect of reducing the 
field on a shunt motor is to reduce the 
counter electromotive force, increase 
the armature current, and hence increase 
the torque. The simple control, as de- 
scribed so far, therefore makes the torque 
(angular acceleration of the rotor) pro- 
portional to the relative angular position 
of the rotor. Because it takes no account 
of the relative angular velocity of the 
rotor the oscillations are not definitely 
damped, hence the difficulty with hunt- 
ing. It is not simple to take account of 
this relative velocity by measuring it di- 
rectly, so instead it was decided to ite- 
grate the acceleration and to use the 
result to modify the control as will be 
explained. Since the integral of accelera- 
tion is velocity, this arrangement gives 
the desired damping effect and so allows 
a wide range of d-c input voltage. 

A simplified circuit is given in figure 6. 
Normally the thyratron component of the 
field is determined by the phase relation 
between the alternator electromotive 
force and the signal electromotive force. 
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This is the basic control. To supply the 
damping effect this phase relation is 
modified by the saturable reactors in ac- 
cordance with the strength of the motor 
field as indicated by the voltage across it, 
integrated by capacitance C which is 
charged and discharged through re- 
sistance R. 

If the inductance of the saturable re- 
actors decreases there is an advance of 
phase relative to the signal of the a-c 
voltage applied to the thyratron (grid to 
cathode). The saturable reactors are 
each standard permalloy core trans- 
formers and two are used with one wind- 
ing reversed in order to eliminate trans- 
former action.!! Each core is saturated 
equally by a direct current determined 
by the d-c resistance of the reactors and 
the voltage across capacitor C. Theory 
and practice indicate that this current 
does not interfere with the functioning of 
C provided C is sufficiently large (50 
microfarads). 

In operation, when there is a shift in 
load or d-c input voltage, there is in 
general an angular shift of the rotor 
(relative to the signal). The rotor, as 
observed by a stroboscope, generally 
overshoots the final angle a few degrees, 
but after a few damped swings settles 
definitely into position. No cycles are 
lost so synchronism is maintained. _ 

If at any time the d-c input voltage is 
momentarily interrupted or if the ma- 
chine is overloaded, then synchronism will 
be lost. However, if conditions within 
the normal working range are restored 
before the motor starter drops out, the 
machine will resynchronize. This is 
accomplished by the assistance of the 
centrifugal contacts as shown in figure 6. 
These contacts play no part as long as 
the machine is running within a per cent 
or so of normal speed, one being closed 
and one being open at this speed. Their 
action in synchronizing is to cut in and 
out field resistance thus bringing the 
machine to within a per cent or so of 
synchronous speed from either the high 
or low side. From either of these speeds 
the machine can readily pull itself into 
synchronism. 
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Synopsis: This paper outlines laboratory 
and field tests with a surge generator and 
cathode-ray oscillograph which led to the 
co-ordination of insulation and lightning- 
arrester performance in substations on the 
22-ky subtransmission system of the Du- 
quesne Light Company. 

A basic level of 150 kv for station insula- 
tion was selected in 1932, and methods of 
obtaining this level are presented together 
with the operating record for five years. 
The index representing the station equip- 
ment faults in per cent of total system 
faults during thunderstorms has decreased 
86 per cent following system-wide improve- 
ment programs modernizing insulation and 
arresters. 


ECENT papers on basic impulse in- 

sulation levels,’ lightning arrester 
application,” and the general co-ordination 
problem*)»4 summarize a vast amount of 
work which has been done to place sta- 
tion lightning protection on a sound 
theoretical basis for the use of system de- 
signers and protection engineers. 

Since 1932 the Duquesne Light Com- 
pany has been actively engaged in an in- 
sulation co-ordination and _ lightning- 
arrester modernization program guided 
by this theory and based upon data ob- 
tained through laboratory and field tests 
with a 750-ky surge generator and 
cathode-ray oscillograph. 

Because of the problems encountered in 
the protection of 22-kv station equip- 
ment, and the choice, in 1932, of 150 kv 
as a basic impulse insulation level, it is 
felt that a description of practice and re- 
sults obtained would be timely. 


The Problem 


In the years 1930 and 1931 severe 
lightning seasons caused the number of 
substation equipment failures to reach 
such proportions that some measures to 
reduce them became imperative. It was 


already quite clear that any effective 
measures must be based upon accurate 
and voluminous data on the character- 
istics of equipment and protective de- 
vices. 

The wide variety of insulation in use, 
together with little knowledge of the 
actual performance of various types of 
arrester, made it impossible to hope for an 
effective improvement program based 
upon data furnished by electrical equip- 
ment manufacturers. It was believed 
that only a comprehensive and funda- 
mental attack would suffice, and in 
January 1932, a surge generator and 
cathode-ray oscillograph were installed 
in the high-voltage laboratory of the com- 


pany. 
Laboratory Tests 


Kilovolt-time breakdown curves have 
been obtained for almost every insulation 
element of the system which is susceptible 
of such a measure. If a curve was not 
feasible, as in the case of transformers, 
minimum breakdown values have been 
ascertained which serve as approximate 
guides when considered with other data. 

The characteristics of lightning ar- 
resters have been extensively studied in 
relation to the breakdown curves of the 
equipment to be protected. 

Figure 1 illustrates typical laboratory 
tests to obtain these data. The arrester 
performance shown by the volt-time and 
volt-ampere oscillograms is representative 
of approximately 60 per cent of the ar- 
rester protection in service prior to 1932, 
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and reference to this performance will be 
made in the discussion which follows. 

An important addition to these some- 
what standardized tests was the devising 
and testing of methods to increase the 
strength of system elements which could 
not be replaced except at prohibitive cost. 


Field Tests 


The portability of the surge generator 
and cathode-ray oscillograph made it 
possible to test substations as a whole to 
determine points of maximum voltage 
caused by reflections, and to detect un- 
suspected weak insulation. Lightning 
arresters in service were tested—some- 
times with startling results. In still 
other tests, bus and disconnect-switch 
insulators were flashed over, with no 
regard to the shape of the applied surge, 
and the results compared with those pre- 
dicted by laboratory impulse breakdown 
curves. The upper curve of figure 2a 
shows a kilovolt time-lag curve of a two- 
unit pedestal insulator obtained in the 
laboratory. The lower curve is a replot 
of oscillogram 55-7, with zero time cor- 
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Figure 1. Typical laboratory tests 
Oscillogram C45-3-4—25-kyv arrester 
Oscillogram ©19-7—34.5-kv disconnect 
switch 
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responding to the crest value of the 60- 
cycle breakdown, and is the record of the 
flashover of the same type of pedestal 
insulator installed on the bus of a trans- 
mission substation. 

Figure 2b shows a volt-time oscillo- 
gram of an arrester taken immediately 
after de-energizing it for field tests. 


Application of Data to 
System Improvement 


When a cross section of the system in- 
sulation had been obtained, it became ap- 
parent that much of the indoor insulation 
was not protected by the arresters in- 
stalled, at a moderate discharge current. 
Circuit breakers, disconnect switches, 
bus insulators, transformer bushings, and 
even some current transformer bushings 
and windings were found to have mini- 
mum impulse strength in the range from 
100 kv to 150 kv. 

A survey of all 22-kv indoor stations 
revealed that a basic level of 150 kv 
could be established by rebuilding certain 
types of circuit-breaker bushings, re- 
placing bus and disconnect-switch in- 
sulators of low strength, and eliminating 
some obsolete equipment entirely. 

Fortunately, the most widely used in- 
door disconnecting switch had a minimum 
breakdown of 150 kv, and this value was 
chosen as the minimum for all acceptable 
insulation. In some substations, special 
measures were required to bring the 
strength above the minimum set. 

Figure 3 illustrates the relation be- 
tween the arrester and typical kilovolt- 
time curves of insulation. Although 
curves are shown for a disconnect switch 
and three different circuit-breaker bush- 
ings, many other insulation elements 
would practically duplicate these curves. 

Three types of circuit breaker were 
equipped with a bushing composed of an 
outer corrugated porcelain tube, an inner 
“Micarta” tube extending above and 
below the procelain, and a copper stud 
of much smaller diameter. The air space 
between the stud and tube was easily 
overstressed, and puncture of the Mi- 
carta tube followed by air flashover from 
the top of the porcelain to the circuit 
breaker operating mechanism was com- 
mon. This defect was remedied by fill- 
ing the air space with another close-fitting 
Micarta tube and increasing the length 
of the external portion of both tubes. 

Other circuit-breaker bushings could 
neither be lengthened nor replaced, ex- 
cept at an unwarranted cost. In such 
cases the connection to the bushing was 
heavily taped, great care being exercised 
to exclude air pockets. Tests indicated 
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with laboratory curve 


Figure 2a. 


Figure 2b. Field test on 25-kv arrester, first 
impulse 


that this expedient increased the impulse 
strength well above the basic level. 

A great many transformer bushings 
possessed sufficient strength external to 
the transformer tank, but were very 
weak internally because of low air or oil 
surface clearances between the lead and 
the tank. Other bushings were adequate 
internally but were very weak externally. 
To solve this problem and reduce bushing 
stocks, a one-piece porcelain bushing was 
developed having adequate impulse 
strength externally and which extended 
below the oil level in all transformers. 
By means of flange adapters one bushing 
was made applicable to transformers of 
different manufacture. 

In one station, subject to numerous 
bus failures, the entire bus of bare copper 
was removed and replaced with 22-kv 
varnished-cambric insulated wire. To 
avoid taped joints within the small com- 
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Figure 3. Typical performance of indoor 
equipment prior to co-ordination 


Curve 1—Disconnect switch 

Curves 2, 3, 4—Oil-circuit-breaker bushings 

Curve 5—Arrester, 1,500 amperes in six 
microseconds 

Curve 6—Arrester, 3,250 amperes in six 
microseconds 


KILOVOLTS 


© POSITIVE 
4 NEGATIVE 


0 } 2 3 4 5 
MICROSECONDS 
Figure 4. Breakdown of 25-kv line-type 


arresters 


partment which would lower the impulse 
strength, the bus was run to each dis- 
connect switch and then back to the com- 
partment. The switch was at the basic 
level of 150 kv, and the bus much higher. 

Figure 3 shows clearly that the basic 
level of 150 kv could not reliably be pro- 
tected by the arrester whose performance 
is indicated. Further, insulation levels 
as high as 200 kv were endangered when 
the arrester discharge current exceeded 
3,000 amperes. A general replacement 
program was necessary to establish sys- 
tem-wide arrester performance under the 
basic level. 

Several designs of station and line-type 
arrester were critically tested, and from 
the results it was concluded that the 
protection provided by station type ar- 
resters was not sufficiently greater than 
that provided by line-type units to justify 
the greatly increased cost. 

Two line-type units were decided upon 
and the replacement program begun. 
Figure 4 shows positive and negative 
break-down data on the two arresters A 
and B. Figure 5 shows a high current 
test on one of five impedance blocks used 
in the 25-kv arrester A. 

Figure 6 illustrates the co-ordination of 
equipment insulation and the arrester 
performance for both light and heavy 
discharges. It is apparent that the maxi- 
mum impedance drop of arrester A de- 
pends primarily on the rate of increase of 
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discharge current, while that of arrester 
B depends upon the maximum magnitude 
of the discharge current. Laboratory 
tests and field experience indicate that 
the solid line curves are near the maxi- 
mum voltages which the insulation of the 
arresters themselves will support, for the 
arrester is destroyed before curve 1 is 
reached. 

In an attempt to obtain some idea of 
the winding strength of 22-kv transform- 


ers, a 667-kva single-phase 22-kv to 2.3- 


kv transformer was tested to breakdown 
with the results given in figure 7. Os- 
cillogram 98-1 shows three full waves ap- 
plied without a winding breakdown. 
Oscillogram 98-4 shows two winding 
breakdowns. The first winding break- 
down occurred at an applied voltage of 
210 kv on another test intermediate be- 
tween those shown. The rarity of trans- 
former failures makes it probable that the 
actual strength of most of the trans- 
formers is near 200 kv. 

Since the outset of the co-ordination 
program, 408 circuit-breaker bushings, 
388 transformer bushings, and 342 new 
arrester units have been installed. Nu- 
merous changes of other equipment and 
insulation have also been necessary to 
achieve impulse strength equal to or 
above the basic level. 


System Performance 
After Improvements 


Two methods were adopted to main- 
tain as close a check as possible on the 
efficacy of the co-ordination program. 
The first of these was a systematic in- 
vestigation of each individual station 
fault caused by lightning, and accurate 
recording of all line, cable, and station 
equipment faults during thunderstorms. 
The second method involved the selection 
of 13 stations notable for frequent light- 
ning failures prior to the improvements, 
and the installation of lightning-arrester 
operation counters in these stations. This 
group is well scattered about the system 
and is thought to be a fairly representa- 
tive sample. The operation recorder 
developed was energized by the current 
through the arrester, and it counted each 
distinct discharge. 

Figure 8 gives index numbers for the 
total 22-kv line, cable, and station equip- 
ment faults; the station equipment 
faults alone; the station faults in per 
cent of the total faults; and the number 
of arrester operations recorded in the 
sample group of stations. To facilitate 
comparison of the first two data, the 
average of the 1930 and 1931 figures has 
been taken as 100. For the arrester 
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operations, the average number of opera- 
tions per year has been taken as 100. 
The correspondence between arrester 
operations and total faults merely re- 
flects the fact that the number of surges 
which are virtually certain to exceed the 
basic station kilovolt level is propor-_ 
tional to the number of surges exceeding 
the line insulation at the point of origin. 
This conclusion is believed justified by 
the further facts that the average length 
of overhead line between stations is ap- 
proximately two miles, and the line in- 
sulation ranges from a minimum of about | 
300 kv to over 1,000 kv. In this con- 
nection it is also well to remember that 
direct strokes to the line causing flashover — 
to ground within a few spans of the sta- 
tion will result in voltages limited by the 
stroke current and the structure ground 
resistance, rather than by the structure 
insulation alone. 

Although the impulse testing of equip- 
ment and arresters was begun in 1932, 
a number of arrester replacements and 
insulation improvements put into effect 
in 1931 were confirmed by the tests, and 
their influence on system performance is 
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equipment after improvements 


Curve 1—Transformer bushing 

Curve 2—Oil-circuit-breaker bushing 
Curve 3—Disconnect switch 

Curve 4—A\rrester B 

Curve 5—A\rrester A 
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shown in figure 8. Despite the fact that 
a slight increase in the actual number of 
station faults occurred in 1931, the 
weighed index giving these faults in per 
cent of total shows a decided drop. 

In 1934 and 1935 the work was largely 
directed toward 66-kv transmission sub- 
station problems and 4-kv equipment pro- 
tection, and this divergence is strikingly 
revealed by the index numbers. Again, 
further 22-kv improvements were put into 
effect late in 1935, and the 1936 record 
was still better. 


Conclusions 


The widely varying conditions en- 
countered on subtransmission systems 
make it difficult to generalize the results 
of this program in any valid manner. 
The co-ordination of insulation and ar- 
resters has been in accordance with the 
present recommended basic level of 150 
ky. Considerations of cost and space 
limitations dictated the choice of this 
level at the beginning of the co-ordination 
program in 1932, and the result of five 
years’ operating experience are given in 
this paper. For systems having insula- 
tion and arrester performance whose re- 
lation to the basic level is comparable to 
that of figures 1 and 3, and whose ex- 
posure to surges is of the same degree as 
that cited, one may anticipate that 
similar improvement in performance will 
accompany co-ordination based © upon 
detailed knowledge of insulation and ar- 
rester characteristics. 


Figure 7. Winding breakdown tests on a 
667-kva 22-kv to 2.3-kv transformer 
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Figure 8. Lightning faults on 22-kv system 


Curve 1—Station equipment faults 

Curve 2—Total 29-ky faults 

Curve 3—Station arrester operations 

Curve 4—Station faults as per cent of total 
faults 
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Discussion 


E. J. Allen (General Electric Company, 
Pittsfield, Mass.): This paper illustrates 
the practical benefits resulting from a com- 
prehensive program of insulation co-ordina- 
tion and protection. One of the most 
significant of these benefits is the great 
reduction in station faults caused by light- 
ning in per cent of the total faults, after the 
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co-ordination program was well under way 
in 1933. Figure 8 of the paper shows that 
although the total faults caused by light- 
ning on the 22-kv system were higher in 
1934 and 1936 than any other year since 
1929, the percentage of station faults due 
to lightning has been steadily decreasing. 

The choice of 150 kv as a basic impulse 
insulation level in 1932 for station equip- 
ment on this 22-ky system is the same as 
that more recently published by the EEI- 
NEMA Joint Committee.! As this paper 
concerns line-type lightning arresters, it is 
of timely interest to note the line-type 
lightning-arrester performance data? pre- 
sented by the lightning arrester subcom- 
mittee. This report shows that the average 
impulse protective characteristics afforded 
by new designs of 25-kv line-type lightning 
arresters is less than 100 kv crest—repre- 
senting over 50 per cent margin of protec- 
tion to the 150-ky basic impulse insulation 
level. 

Figure 1 of this discussion shows volt- 
time and ampere-time oscillograms taken 
on modern 25-ky Thyrite line-type light- 
ning arresters at discharge currents of 1,790 
and 5,600 crest amperes. 

Figure 2 shows the general appearance of 
this type of arrester; employing unit type 
construction and containing Thyrite- 
shunted gaps and the main Thyrite valve 
element disks in the same housing. The 
impulse tests shown in figure 1 were ob- 
tained from a 25-kv arrester of the type 
shown second from the left-hand side of 
figure 2. 

Calculations indicate that the maximum 
impulse wave of a 1,000-kv crest passed by 
the line insulation described by the author 
results in a lightning-arrester discharge 
current approximately 3,800 amperes at the 
line terminals, assuming 500-ohm line surge 
impedance. This seems to indicate that 
lightning-arrester discharge currents in 
service, except for possibly chopped waves 
resulting from direct lightning strokes con- 
tacting the line at a point close to the 
station, are well within the range of dis- 
charge currents up to 5,000 amperes, as set 
forth in the report of the lightning arrester 
subcommittee. Moreover, Messrs. Mc- 
Eachron and McMorris* have summarized 
the data in regard to lightning-discharge 
currents through lightning arresters located 
on primary distribution circuits rated 2,400 
to 24,000 volts. These data show that 90 
per cent of the discharge currents measured 
through lightning arresters are 5,000 am- 
peres or less. These data apparently show 
that approximately 25 years may be ex- 
pected to elapse for each discharge of at 
least 5,000 amperes through any one 
arrester. 

Previous experience, together with the 
results shown in this paper, demonstrates 
the benefits resulting from a fundamental 
attack on the lightning problem. It is un- 
economical and impractical to build into the 
connected apparatus sufficient insulation 
strength to withstand unmodified lightning 
voltage inservice. Hence, lightning arrest- 
ers affording ample margin of protection to 
apparatus insulation are the established 
economical basis of system co-ordination 
and protection. 
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Figure 1. Impulse protective characteristics, 
Thyrite line-type lightning arrester, maximum 
rated 25 kv 


Figure 2. Thyrite line-type lightning arresters, 
maximum rated 20, 25, 30, and 37 kv, 
respectively 
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P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Whitehead’s paper presents a fine 
example of the application of insulation 
co-ordination, where it was thoroughly 
planned and well carried out to provide 
improved protection to 22-kv substations. 
At the time this work was initiated, impulse 
data on installed apparatus were rather 
meager. The wisdom, therefore, in using 
an impulse generator from the start is fully 
apparent from the results that have been 
achieved. 

A point of particular interest is that Mr. 
Whitehead, starting out in 1932 in his co- 
ordination work, arrived after certain tests 
and analysis, to the conclusion that 150 ky 
for the 22-kv substations was a sound im- 
pulse insulation level to aim for. This is 
also the figure now prescribed by the EEI- 
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NEMA Joint Committee on System Insu- 
lation Co-ordination. The coincidence is 
not, however, accidental since the processes 
in arriving at the levels are basically the 
same, 

Figure 6 of the paper which shows the 
apparatus voltage-time curves (1, 2, and 3) 
of the substation apparatus above the 
established level and the characteristics 
of the protective devices below the level 
(curves 4 and 5) tell a very significant story 
of the technical and economic problems 
that had to be overcome to establish the 
150-kv level. They also illustrate the prin- 
ciples in general on which the present insu- 
lation levels have been arrived and are 
based. 

As stated in the paper, the insulation of 
the 22-kv lines ranges from 300 kv to over 
1,000 kv. Presumably these low-voltage 
lines are not equipped with overhead ground 
wire. It is now quite well established from 
the field investigations here and abroad 
that the induced voltages seldom exceed 
3800 kv and from this consideration it then 
appears that the larger percentage of the 
impulse voltages entering the substation 
originate from direct strokes to the line. 

Since there are two miles of line between 
two stations on the average, half of the 
strokes will travel one-half mile before 
entering a substation and therefore their 
severity would be attenuated somewhat. 
That the author has given consideration to 
direct strokes is clearly apparent from the 
arrester characteristics for high current dis- 
charges taken into consideration in figure 6. 
It would be of interest to have an expression 
of view from the author as to what extent 
direct strokes in the station or within one 
or two spans of the station represent the 
per cent of substation faults shown in 
figure 8 and what further measures are 
being considered to protect the substations 
against direct strokes. 


J. T. Lusignan, Jr. (Ohio Brass Company, 
Mansfield): The author has described a 
fine example of a rather thorough insulation 
co-ordination program. The fact that it 
was possible to bring the surge generator 
and oscillograph to the substations in order 
to check the transient voltages there and 
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the actual insulation provided to handle 
them is surely a fortunate circumstance. 
It is interesting to find, at least from the 
one example he shows (figure 2a), how well 
his measured insulator voltage values agree ~ 
with the laboratory curve. 

I find no mention of polarity in so far as 
flashover values are concerned. In insu- 
lation co-ordination the question often . 
arises as to whether co-ordination should 
be on the basis of positive values only or 
both positive and negative values. I be- 
lieve that field records show most severe 
direct strokes to be of negative polarity 
although many of the lower voltage light- 
ning strokes are positive. If the stroke 
occurs to the conductor a surge of the same © 
polarity obviously is imposed upon the 
insulation. A stroke to the ground wire or 
other nearby grounded object, of course, 
induces a surge of the opposite polarity upon 
the conductors. I am wondering what con- 
sideration Mr. Whitehead has given to this. 
For 22-kv insulators the positive and nega- 
tive flashover values are often practically 
equal whether base or cap mounted. 
However, I am wondering whether there are 
other insulation breakdown points in a 
station which will exhibit sufficient polarity 
characteristics to warrant the latter being 
considered, 


E. R. Whitehead: Mr. Allen presents per- 
formance data on the newly developed 
Thyrite distribution-type arrester. This 
line, of selected unit construction, appears 
to offer new possibilities for economy and 
flexibility in equipment protection. 

The characteristics of the modern dis- 
tribution-type arrester viewed in relation 
to the basic impulse levels and the Mc- 
Eachron-McMorris current distribution 
curves should provide a sound basis for 
their application. 

Mr. Bellaschi raises a point of consider- 
able interest. Prior to the co-ordination 
program it was not uncommon for weak 
station equipment to flash over during 
thunderstorms without an accompanying 
line fault. A combination of poor co- 
ordination and induced surges seems to 
explain this type of fault. 

During the period covered by the paper, 
there has been a considerable increase in the 
use of wood crossarm braces and guy insu- 
lators. As a consequence most substation 
faults now correlate with direct-stroke line 
damage such as splintered braces, arms, or 
guys located within a very few spans of the 
station. The large number of stations in- 
volved in relation to the very small number 
of substation faults precludes any general 
use of direct-stroke protection on the 22-kyv 
system. Consideration is now being given 
to auxiliary current-limiting schemes such 
as expulsion tubes or gaps one span from 
the station at the most exposed locations. 

Doctor Lusignan asks what consideration 
has been given to polarity in the co-ordina- 
tion studies. At the outset of the program 
it was essential to cover as many system 
elements as possible in a short time in order 
that early application of the data might be 
made. Positive-polarity time-lag curves 
were found to be lower than negative- 
polarity curves for most of the equipment, 
and therefore the earlier work was largely 
done with the former. In the later stages 
of the program both polarities were used. 
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| I. Introduction 


BN TWO previous papers!)? we have de- 
scribed some of the results of life-test 
studies of miniature cable specimens 
started in 1934. One of the general ob- 
servations resulting from a large number 
of tests is that all specimens made with 
high-density paper and standard-viscos- 
ity oil or specimens made with standard- 
density paper and high-viscosity oil have 
had short life at 30 kv whereas many 
specimens made with standard viscosity 
impregnant but otherwise identical have 
had very long life under the same condi- 
tions. 

In attempting to explain these results 
we made the hypothesis that with either 
high-density paper or high-viscosity im- 
pregnant, the rate of flow of the impreg- 
nant through the paper during the cool- 
ing portion of the daily heat cycle was not 
great enough to prevent void formation. 
This would then result in ionization and 
early failure. We had all the data neces- 
sary to check this hypothesis except the 
flow characteristics of oil through paper. 
A search of the literature revealed little 
pertinent information although a con- 
siderable amount of work has been re- 
ported on the permeability of paper and 
other materials to air. A summary of 
this work and a bibliography of 31 ref- 
erences is given by Carson.’ It is char- 
acteristic of all the work done on paper 
that the pressure head on the paper does 
not exceed a few centimeters of mercury 
and in Carson’s work was limited to five 
to ten centimeters of water. This is due, 
of course, to trouble from deformation of 
unsupported sheets of paper at the higher 
pressures and also to certain convenient 
methods utilizing low heads. Goldberg 
performed some experiments of this type 
but neglected to take account of the ex- 
pansion of the air as it passes through the 
paper. He noticed deviations at higher 
pressures and attributed these to turbu- 


Paper number 38-61, recommended by the AIEE 
committee on power transmission and distribution 
and presented at the AIEE summer conyention, 
Washington, D. C., Jume 20-24, 1938. Manuscript 
submitted March 12, 1938; made available for 
preprinting May 13, 1938. 

Huspert H. Races is a research engineer for the 
General Electric Company, Schenectady, N. Y. 


1. For all numbered references, see list at end of 
paper. 


OcTOBER 1938, VOL. 57 


Tests on Oil-Impregnated Paper—lll 
Fluid Flow 


By HUBERT H. RACE 


MEMBER AIEE 


lence, which is probably incorrect since 
we have used much higher rates of flow 
without turbulence. It also appears 
that his apparatus is subject to leakage, 
which can cause large errors. 

A number of workers have investigated 
the flow of liquids through porous me- 
dias! Some of these have found 
anomalous results, which our preliminary 
work indicates was caused by the fact 
that the liquids used were not gas free. 
When the liquid contains gas, part of it 
comes out of solution as the pressure de- 
creases, causing gas pockets in the paper, 
which decrease the rate of flow. This 
agrees with the work of Muskat!? on mix- 
tures of gas and oil flowing through sands 
although the latter work indicates other 
effects besides the formation of gas pock- 
ets. The only work we have found re- 
lated to the flow of oil through paper is 
that of Whitehead and Greenfield,” rely- 
ing on capillarity to produce the flow. 
However, we are not so much concerned 
with the flow in the plane of the paper as 
in the flow through it under hydraulic 
pressure. 

Apparently few comparative studies 
have been made with different fluids on 
the same porous medium. Bull and 
Wronski!! have made a comparative 
study with seven alcohols, carbon tetra- 
chloride, and water in cellulose, glass, and 
carbon diaphragms with the interesting 
conclusion that the viscosity of the liquid 
was not the only property of the liquid 
important in determining the flow. No 
experiments at all have been reported, so 
far as we can determine, which give direct 
comparison between gas and liquid flow. 

This paper gives the results of such a 
direct comparison together with studies of 
oil flow under varying conditions and the 
application of these data in determining 
limiting conditions causing void forma- 
tion in cables. 


II. Flow Equations 


The flow of fluids through porous media 
can be expressed by Darcy’s law (see 
reference 12), 


y = (—K/n)VP (1) 


where y is the vector rate of flow of the 
fluid, p the fluid pressure, 7 the viscosity 
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of the fluid, and K a coefficient which has 
been called the ‘‘permeability” or flow 
constant of the porous medium. K may 
accordingly be defined as the volume of a 
homogeneous fluid of unit viscosity pass- 
ing through a unit area in unit time under 
the influence of unit pressure gradient, 


A. FLow or Or, TuroucH PAPER 


In our experiments flat sheets of paper 
were used and the lines of flow through 
the test area A were everywhere normal 
to the paper, Consequently, the general 
flow equation 1 may be written in the one- 
d mensional form: 


Ye = (—K/n) dp/dx (2) 


In this case v, = Q/A where Q is the rate 
of flow of oil in cubic centimeters per 
second through the test area (A in square 
centimeters). Therefore, 


Q = —(KA/n)(dp/dx) (3) 


For steady state, with constant pressure 
difference and constant time rate of flow 


dp/dx = —(p: — pr)/NL (4) 


where #; and p» are the inlet and outlet 
pressures in dynes per square centimeter, 
N is the number of layers of paper, and L 
is the thickness of one layer of paper in 
centimeters. Then 


K = (Q/A)(nNL)/(p1 — 2) (5) 


(n is in poises, that is, dynes times seconds 
divided by square centimeters, and K has 
the dimensions of an area). 


B. FLow or GASES THROUGH PAPER 


In dealing with the flow of gases 
through porous media, we may still use 
Darcy’s law, and since the geometrical 


FLOW FROM GUARD RING 
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Figure 1. Oil-flow head 
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features of our gas- and oil-flow appara- 
tus are the same, equation 3 will also 
apply to gas flow. Due to the expansion 
of the gas as it passes to a region of lower 
pressure, it is convenient to express this 
relation in terms of the mass of gas flow- 
ing per second which we will call M. 
Then since 


M = pQ (6) 


where p is the density, we have from 
equation 3 


= —(KAp/n)(dp/dx) (7) 


For gas flow dp/dx varies with x so that 
(7) will have to be integrated. In order 
to do this we assume Boyle’s law to hold 
so that p/p is a constant, the temperature 
being assumed constant. The ratio may 
be taken at any condition (a), say at one 
atmosphere as a matter of convenience. 
Thus 


NL v Py 
4 Max = ~** E ii pdp 
0 n Pa PD; 


Integrating and rearranging we have 
M = (KA/2nNL)(pa/Pa)(p.® — pr?) (8) 


The determination of M can be made 
by direct measurement or by using a cali- 


<-TO PUMP AND MCCLEOD GAGE 


Figure 2. Essential features of oil-flow appa- 
ratus 


a—Filling reservoir 
b—Heater for degasifying oil 
c—Oil level during test 
d—Bell jar 
e—Head 
f—Overflow for test area 
g—Overflow for guard ring 
h—Sylphon bellows 
i—Mercury manometer 
j—Calibrated graduate cylinder for collecting 
oil from test area of paper 
k—Thermocouple leads 
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brated capillary. We have used the 
latter by allowing the gas to flow di- 
rectly through the capillary after it 
leaves the measuring section of the paper. 
Consequently M is the same for the paper 
and the capillary. M may be determined 
for the capillary by the method described 
in Barr’s “Monograph of Viscosity.”’™ 
Although a radial component flow exists 
in the case of a gas flowing through a cap- 
illary, it has been found that Poiseuille’s 
law of flow, which holds when the flow is 
strictly laminar, can be used if the rate of 
change of density with length is not too 
great.'8 This condition is realized in a 
long capillary of a fairly large diameter. 
Poiseuille’s law is: 


Q = —(ar*/8n)(dp/dl) (9) 


where r is the radius of the capillary, dl 
is an element of length, 7 the viscosity 
of the gas. As in equation 7 we replace 


Q by M/p 
M = —(xr*/8n)(p/p) p (dp/dl) 


and assume that the gas expands accord- 
ing to Boyle’s law in passing through the 
capillary. Integrating (10) 


f} 4 Pa 
fst a (e/ pdp 
0 8n Pa p2 


M=(ar'/16nl)(pa/Pa)(b2*—Pa*) (11) 


(10) 


Here 7 has been assumed to be independ- 
ent of pressure as it is within wide limits 
(see reference 18 and also volume V of 
International Critical Tables, page 2). 
bp: is the same as in (8) and p, is the out- 
let pressure of the capillary (atmospheric 
in our apparatus). (p/p) is the same as 
in (8). 

Equation 11 holds fairly well for rough 
measurements, but for accurate work it 
must be corrected for kinetic energy of 
the gas, end effects, slip and so on (see 
reference 18). The kinetic-energy cor- 
rection is by far the largest correction; 


Table I. 


GAS FROM. 
HIGH-PRESSURE TANK 


Figure 3. Essential features of gas-flow appa- 
ratus 1 


a—Stop cock for regulating pressure 

b—Phosphorus-pentoxide drying tube 

c—Head 

d—Differential manometer for measuring head 
across test area of paper 

e—Capillary 

f—Manometer for measuring head across 
capillary 

g—Stop and pinch cock arrangement for 
regulating head across guard area of paper 

h—Manometer for guard area of paper 


therefore, neglecting the others, equation 
11 becomes 


M = (xr‘/16nl)(pa/Pa)b2? — Pa®) — 
(1.1 M?/8xnl) (12) 


K can now be calculated by eliminating 
M from equations 8 and 12. 

Before this can be carried out numeri- 
cally it is necessary to calibrate the 
capillary, that is, determine the factor 
(rr4/81); 1 can be measured directly (33.8 
centimeters in our case), but 7, the ra- 
dius, is not determined so easily. The 
usual practice is to partially fill the capil- 
lary with a thread of mercury, measure 
its length, weigh it, and from the density, 
weight, and length, determine its volume 
and from that the radius 7. One may 
also test the uniformity of the bore by 
observing the length of the thread at 
various positions along the capillary. 


Properties of Papers M and N 
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Figure 4. Oil-flow data on standard-density 


paper (M) for various numbers of layers 


Our best determination of r‘ by this 
method was 


r* = 70.8 X 10-8 centimeters 


In using a capillary, care must be taken 
not to use such high rates of flow that 
turbulence occurs. The condition that 
the flow is not turbulent is that R = 
pVd/n S 2,000 (Reynolds’ criterion. 
See International Critical Tables, volume 
V, page 2; also reference 19). Here p is 
the density, V linear velocity, 7 viscosity, 
d bore of capillary. For our capillary 
and our largest rate of flow R is about 35 
so that we are working well below turbu- 
lent flow. 

The question of turbulence may also 
be raised in connection with the paper. 
Here the bore diameters are all much 
smaller than that of the capillary and the 
linear velocity is also less than for the 
capillary. This means that R will be 
less than for the capillary and that turbu- 
lence cannot occur in the paper if it does 
not in the capillary. 

In the calculations below, we use 
(xr*/161) = 41.2 X 10-", 1 = 33.8 centi- 
meters, and wherever (p,? — p,7)/p oc- 
curs multiply by 980.3 * 13.53 =1.328 
xX 104 (13.53 is the density of mercury 
to four places from 24.5 to 28.5 degrees 
centigrade) so that it is not necessary 
to convert pressures from centimeters of 
mercury to dynes per square centimeter. 
A = 52.4 centimeters. Then equation 
12 becomes 


M = 5.46 X 10-*(pg/pa)(p2? — Pa?) — 
1.297 X 10-3M?2/n (13) 
and (8) is 
K = 2.88 X 10-* NLMnpq/palbi? — 2”) 
(14) 


Ill. Apparatus for 
Measuring Gas and Liquid Flow 


The same geometrical arrangement has 
been used in both the gas-flow and oil- 
flow experiments. In both cases we 
wished to obtain data with pressure dif- 
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ferences up to one atmosphere so that it 
was necessary to use supporting grids to 
prevent deformation of the paper under 
pressure. Although this introduces some 
uncertainty in the calculated area of flow, 
we assume that this does not affect the 
relative values of the gas and oil flow per- 
meabilities. In all our calculations we 
have used the total area covered by the 
test section of the supporting grid. 

In both the oil- and gas-flow experi- 
ments the paper was tightly clamped be- 
tween the two halves of a device which we 
have called a head. Both heads are es- 
sentially the same, and the design of the 
oil-flow head is shown in figure 1. The 
test area is that area occupied by the 
honeycomb grids and it is the rate of flow 
through this area that comprises Q. In 
order to assure flow normal to the test 
area, a guard ring was provided in each 
case which had the same pressure drop 
across it as the test area. If the leakage 
through the edges is not too great this 
is an entirely satisfactory arrangement. 
Excessive leakage may be controlled by 
coating the edges of the paper with a 
plastic material which does not penetrate 
the test section. We used an air drying 
plastic Glyptal quite satisfactorily. 

Figure 2 is a schematic diagram of the 
oil-flow apparatus. The apparatus is as- 
sembled as shown and thoroughly evacu- 
ated for several hours at a pressure of 
about one micron or less. The oil is in- 
troduced into the filling reservoir a, is 
allowed to trickle slowly through the 
heater 6 and into the bulb. This degasi- 
fies the oil. The oil was allowed to flow 
in at such a rate that the pressure of the 
system never exceeded about 25 microns. 
During the filling period the sylphon 
bellows was fully extended by means of 
the wing nut. The system was filled with 
oil up to a level c. The stopcock below ¢ 
was then closed and the sylphon h re- 
leased by loosening the wing nut. This 
puts approximately one atmosphere hy- 
draulic pressure on the high-pressure side 
of the paper. The lower pressure is 
about 0.5 centimeter of oil plus the gas 
pressure, which was kept at about 0.1 
micron throughout the tests. The oil 
from the test area flowed from f into the 
graduate j. The rate of flow was meas- 
ured with an accurate stop watch and 
carefully calibrated graduate cylinder. 
In practice the manometer 7 was below 
the head so that the column of oil be- 
tween the upper mercury level and the 
level of the paper had to be taken into ac- 
count in calculating the pressure p». 

The gas-flow head differs from figure 1 
only in that pipe connections to the rest 
of the setup were used instead of overflow 
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spouts. The arrangement of the gas- 
flow apparatus is shown schematically in 
figure 3; / is the manometer measuring 
the pressure above atmospheric of the 
guard area on the low-pressure side. 
Since the pressure on the top side of the 
paper is the same for both the guard area 
and the test area, the pressure drop 
across the guard area may be made 
equal to that across the test area by 
making the manometer reading AM, of the 
guard manometer equal the reading Ahz 
of manometer f. This is done by bleed- 
ing off gas at g, which can be done only 
if there is not too much leakage at the 
edges of the paper. 

If Ahg is the reading on manometer d, 
the pressures are as follows: pe = py + 
Aha, Pi = Pa + Ahe-+ Ah3. K can then 
be calculated from equations 12 and 8. 

The gas for the gas-flow experiments 
was supplied by a tank of nitrogen at 
about 1,500 pounds per square inch pres- 
sure with a suitable reducing valve. 


IV. Flow Data and Values of K 


A. Om FLow 


The physical properties of the two 
grades of cable paper used are given in 
table I. The data and calculations for 
the oil-flow experiments are shown in 
table II. The slopes of the curves shown 
in figures 4, 5, and 6 are equal to Q for 
each of the indicated cases. Two or 
more runs on the same thickness of paper 
will not necessarily give the same rate of 
flow Q due to differences in viscosity and 
density of oil, which vary with tempera- 
ture, and also to the variation of atmos- 
pheric pressure fromruntorun. This is 
illustrated in curves (a) and (0) of figure 


a 8 LAYERS ,K=12.5 x10 '2 
b 8 LAYERS, K=12.5 x 1072 
C16 LAYERS, K= 12.3 x 10-2 
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Figure 5. Oil-flow data on standard-density 
paper (M) for various numbers of layers 
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Figure 6. Oil-flow data, one sheet high- 
density cable paper (N) 
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M x 102 (GRAMS OF GAS PER SECOND) 
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Figure 7. Flow of Ne through cable paper 


5, which give the same value for K al- 
though the slopes of the curves are some- 
what different. For the same reason the 
slope of the curve for eight layers will 
probably not be exactly twice that for 
four layers [(c) and (d) of figure 4]. 

The value of K in table II for paper 
(N) was calculated for the first seven 
points of the curve (figure 6), which are 
sensibly a straight line (K = 0.587 X 
10-2). From then on the rate of flow 
decreased, indicating the possibility of 
some slow swelling or rearrangement of 
the fibers in this highly calendered paper. 


B. Gas FLow 


The data for these tests are in table III 
and figure 7 shows plots of the mass rate 
of flow M versus (p17 — 2”), which 
should be straight lines if K is a constant. 
The only one showing a deviation from 
constancy is that for 16 layers of paper 
(M). The permeability K decreases 
slowly (see table III), but the curve ()) 
shows only a slight deviation from line- 
arity. Curve (a), figure 7, is for eight 
sheets of paper (M). Oil-flow test num- 
ber 6 was made on these same eight 
sheets after taking the gas-flow data. 
Similarly, curve (c) is for the same sheet 
of paper (VV) that was used later in the 
oil-flow test. 

Discussion. The gas-flow data for 
eight sheets of paper (M) give a value of 
K = 12.79 X 107", which is slightly 
greater than the value from oil-flow data. 
It is not unreasonable to expect this inas- 
much as some of the pores may be so 
small as to prevent oil flow. This may be 
expected from the appreciable rigidity of 
very thin layers of liquids. We are in- 
clined to believe that the lower value of 
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K obtained for 16 layers and the regular 


variations are not real but may be due to 


leakage through the edges. This is pos- 
sible for a thick test specimen even when 
the guard ring has the same pressure drop 
as the test area. Moreover, examination 
of the formulas indicates that the calcu- 
lated value of K will be reduced by such 
leaks. 

In the high-density paper the resist- 
ance to gas flow was roughly 14 times 
greater than in the low-density paper 
whereas the resistance to oil flow was ini- 
tially 21 times greater than in the low- 
density paper. (See table I.). 

While the average density of the high- 
density paper (JV) is only about 40 per 
cent greater than for the standard den- 
sity paper (M/), the process of manufac- 
ture of the former gives it surface layers 
of very closely packed fibers so that the 
major resistance to fluid flow is in these 
surface layers, thus explaining the rela- 
tively large effect on flow characteristics. 

It should be noted that the above rela- 
tions and results are for steady-state con- 
ditions only and are not expected to hold 
either when the paper is only partially 
saturated or when the liquid contains 
gases in solution or materials that will be 
adsorbed or filtered out by the paper, thus 
decreasing the effective capillary area. 


V. Application of Flow 
Data to Conditions for Void 
Formation in Gas-Free Cables 


A. ASSUMPTIONS 


In studying the application of these 
data to the problem of void formation in 
cables we shall assume the following con- 
ditions: 

1. The partial pressure of gas in the paper 


and impregnant is negligible, that is, the 
cable is virtually gas free. 


2. The core dose not act as an oil reservoir 
so that during cooling all the impregnant 
required to keep the paper full must flow 
in from the outside. 


3. The flow is radial, no longitudinal flow 
in the paper being considered. 


4. Contraction of the paper fibers them- 
selves is negligible. 


5. A sufficient reservoir of impregnant is 
maintained on the outside circumference of 
the paper. 


B. HypRAULIC PRESSURE 
NECESSARY TO KEEP PAPER FULL 


Let figure 8 represent the cross section 
of a cable in which we wish to determine 
the hydraulic pressure necessary to keep 
the interstices of the paper full of im- 
pregnant during cooling by uniform radial 
flow from the outside. 

Let g = the total flow per centimeter 
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length into the shaded cylinder to supply 
the interstices. Then 


gq = wasC(r? — n2) (15) 


where 


o = the coefficient of expansion of the im- 
pregnant in cubic centimeters per 
cubic centimeter per degree centigrade. 

s = the space factor, that is, the ratio of 
the volume occupied by the impreg- 
nant to the total volume. 

C = the rate of change of temperature in 
degrees centigrade per second. 

ry = radius in centimeters. 


Then if V, = the radial velocity of flow 
we have 


V, = —q/2nr = —asC{(r/2) — (r1?/2r)] 
(16) 


Also, Darcy’s law stated in radial co- 
ordinates gives 


V, = —(K/n)(dp/dr) (17) 
Then eliminating V, we have 
(dp/dr) = (asCn/K)\(r/2) — (r1?/2r)] (18) 


which when integrated gives 


b = (osCn/K) X 
[(r2/4) — (1712/2) loge r + constant] 
(19) 


Assuming p = 0 at r = n, we obtain the 
following expression for the total pressure 
necessary to keep the interstices in the 
paper full between the radii 7; and re. 


pb = (osCn/4K) X 


(722 = r;? == 2r,2 log. (r2/1r1)] (20) 


C. APPLICATION TO 
MINIATURE CABLE SPECIMENS 


All but two of the factors in equation 
20 are already known: 


o 8 X 1074 cubic centimeters per cubic 
centimeter per degree centigrade 


0.5 


K = 12 X 107" for paper (M) 

r, = 3/\sinch = 0.476 centimeter 

re = rm + 0.065 inch = 0.641 centimeter 
The remaining two factors must be con- 


sidered together since we wish to consider 
the most severe condition which occurs 
when their product isa maximum. This 
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Average Number 
Thickness of 
in Mils Layers 


K X 10" 
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maximum product can be obtained graphi- 
cally as shown in figure 9. Curve (1) 
gives the daily cooling curve taken by 
means of a thermocouple inserted in a 
glass tube extending into the oil space sur- 
rounding one of the specimens. Since 
the rate of cooling is slow we shall assume 
that the temperature is the same through- 
out the specimen. Curve (2) gives the 


Figure 8. Cross section of a cable in which 
the space between radii m and r is occupied 
by paper + impregnant 


rate of cooling, that is, the first derivative 
of curve (1). Curve (3) shows the vis- 
cosity change in oil (0) as the specimen 
cools. Curve (4) is the product of curves 
(2) and (3). As the specimen cools it is 
seen that the viscosity increases faster 
than the rate of temperature change de- 
creases so that the maximum value of 
(Cn) occurs as the specimen approaches 
room temperature. Thus in equation 20 
we shall use Cp = 11 X 107%. Then p= 
4.59 xX 10% dynes per square centime- 
ter = 0.0045 atmosphere (one dyne per 
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square centimeter = 
mosphere). 

In our miniature cable tests one at- 
mosphere hydraulic pressure was main- 
tained on the liquid surrounding the 
specimens so that void formation result- 
ing from inability of the impregnant to 
flow in sufficient volume to keep the inter- 
stices in the paper full was not the primary 
cause of failure. 


0.987 X 10-* at- 


D. APPLICATION TO COMMERCIAL CABLE 


To determine the order of magnitude 
of p for a commercial cable we shall as- 
sume the following data for a 69-kv solid- 
type cable recently installed in this coun- 


try. 


al 1.65 centimeters 

ro = 3.40 centimeters 

s =0.5 

= 8 X 10~4 cubic centimeters per cubic 
centimeter per degree centigrade 

K = 24 X 10-!2 (We have conducted a 
number of preliminary experiments 
to determine the average radial flow 
characteristics through and around 
standard density paper tapes of a 
machine insulated cable sample and 
found the rate of flow to be roughly 
double that through flat sheets.) 

C =11 X 107% (assuming the rate of 
temperature change in service to be 
the same as for our miniature speci- 
men) 


Then p = 2.25 X 10° dynes per square 
centimeter = 0.222 atmosphere. 

During cooling of a commercial cable, 
Halperin® shows that the hydraulic 
pressure in the impregnant at the sheath 
may drop as low as 0.16 atmosphere. 
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Under such conditions the hydraulic pres- 
sure would not be sufficient to keep the 
interstices in the paper full and void forma- 
tion by this mechanism might be a signifi- 
cant factor in initiating ionization leading 
to ultimate failure. 


VI. Conclusions 


1. Satisfactory equipment has been de- 
veloped for absolute gas- and liquid-flow 
measurements through multiple layers of 
paper. 


2. Using theoretical equations for gas and 
liquid flow in porous media the rate of flow 
of a gas-free liquid through standard- 
density cable paper can be calculated from 
air-flow data. 


3. For super-calendered paper, the resist- 
ance to flow is much greater than would be 
indicated by the increase in average den- 
sity, indicating the formation of a skin 
having high flow resistance on the surfaces 
of the paper sheet. Also the resistance to 
oil flow is greater than would be calculated 
from air-flow data and cannot be predicted 
from the latter, as is possible for standard- 
density paper. This indicates that some 
of the pores in the surface layers of super- 
calendered paper are so small that effects 
of absorption, adsorption, and the like on 
the surfaces of the cellulose fibers are no 
longer negligible. 


4. These studies have shown that in our 
miniature cable samples, the resistance to 


flow was not great enough to cause void 


formation in the interstices of the paper in- 
sulation during cooling. The observed 
short life of specimens containing super- 
calendered paper or high-viscosity oil must 
have resulted from some other cause such 
as higher stress on the impregnant because 
of the higher dielectric constant of the 
paper. 


5. In commercial solid-type cables using 
high-viscosity impregnants, on the other 
hand, calculations indicate that the hy- 
draulic pressure available is not sufficient 
to keep the interstices of the paper full and 
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void formation is inevitable. This is the 
major argument for the use of low-viscosity 
impregnants and the “‘oil filled” principle 
in high-voltage cables. 
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Discussion 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): It is interesting 
to learn that gaseous ionization was not a 
factor responsible for the short life of some 
of Doctor Race’s miniature cable samples. 
Unfortunately these investigations cannot 
be applied directly to the phenomena in 
actual cables as most of the assumptions 
under V-A of the paper will in general not 
apply in service. Further, in actual cables 
the flow through the tapes is only a portion 
of the total flow, a considerable part of which 
takes place through the spiral gaps between 
turns of tape. This means that the coeffi- 
cient of friction of cable insulation for radial 
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oil flow would be lower than for the author’s 
samples. This is recognized in a paren- 


thetical statement in part V-D of the paper. 


Our tests on cables of the solid and oil- 
filled types indicate values of 4,000 to 18,000 
pounds per square inch per inch thickness 
of insulation per cubic inch of oil per hour 
for oil having a viscosity of 1,000 centi- 
poises. The value assumed by the author 
for 69-kv solid-type cable is 25,000 (same 
units), corresponding to the value of K = 
24 < 10-". For superdense cable insula- 
tion we find the radial coefficient of friction 
to be about ten times higher than for ordi- 
nary insulation, instead of 21 times as found 
by the author for his samples having super- 
posed layers of paper. These lower coeffi- 
cients of friction tend to reduce the proba- 
bility of void formation. 

In actual cables, the rate of temperature 
change during cooling will in general not be 
the same as in the laboratory models. 
Consideration must be given to the tem- 
perature gradient in the comparatively 
thick insulation of cables. The calculations 
on the possibility of void formation in com- 
mercial cables are over-simplified, particu- 
larly when applied to cables with thick insu- 
lation. The complete solution for pressure 
distribution in cable insulation was given 
by Miller and Wollaston in their paper 
“Thermal Transients and Oil Demands in 
Cables,’? AIEE TRANSACTIONS, volume 52, 
March 1933, page 98. By the use of this 
method, we have found that negative pres- 
sures will not form in oil-filled cable, except 
possibly under extremely severe conditions. 
In solid-type cables having thick insulation 
and high-viscosity impregnant, negative 
pressures may easily occur due to insufficient 
hydrostatic pressure. It does not follow 
that this cause will of itself result in voids 
in the insulation. 

Doctor Race considers the hydrostatic 
pressure to be the principal factor con- 
trolling the return of compound into the 
insulation after expansion. It seems that 
the surface tension and cohesion of the 
compound, the capillary forces of the paper, 


and the adhesion between compound and . 


paper should also have been considered. 
These properties are important factors in 
void formation. 


W. A. Del Mar (Habirshaw Cable and Wire 
Corporation, Yonkers, N. Y.): Doctor 
Race has done a nice piece of work in this 
paper in picking out of the complicated 
performance of a solid-type paper cable 
one or two separable items which are sus- 
ceptible of theoretical treatment and partial 
verification by experiment. One must be 
careful, however, as indeed Doctor Race 
has been, not to draw conclusions of too 
general a character. Thus, it might ap- 
pear from Doctor Race’s paper that the 
essential defect of a solid-type cable is the 
radial transfer of oil from the interior to 
the exterior of the insulation, leaving voids 
in volume equivalent to the oil forced out 
of the insulation. 

I do not believe that this is the whole 
story but that to a greater extent it is the 
entire insulation, paper and. oil, that are 
expanded in volume during heating, leaving 
a larger volume of insulation to be filled 
by the same amount of oil. 

Impregnated paper, unlike unimpreg- 
nated paper, will take a permanent set 
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with practically any tensile stress. It will 
not retain all the stretch caused by a given 
tensile stress when that stress is withdrawn, 
but it will retain a considerable proportion, 
usually about 15 per cent, and that will 
account for the increased gross volume of 
insulation and, as this stretch is accom- 
panied by a corresponding reduction in tape 
thickness, the void space will be further 
augmented. 

Thus we see that while Doctor Race has 
picked one of the variables and given it an 
interesting theoretical treatment, there are 
other variables to be considered. Doctor 
Race, I know, appreciates this thoroughly 
but I have misgivings about his application 
of the formulas to a 69-kv cable, fearing © 
that someone may take it too seriously as 
a practical tool in cable design. 


R. J. Wiseman (The Okonite-Callender 
Cable Company, Inc., Passaic, N. J.): Iam 
very much interested in Doctor Race’s 
paper as it discusses the physical properties 
of impregnated paper insulation. We have 


‘had many technical papers dealing with the 


electrical characteristics, but unless we 
know how the oil moves through the paper, 
the effect of the fiber content of the paper 
on the oil movement, and the pressures 
necessary to cause the oil to flow, we do 
not get a complete picture of what takes 
place in a paper-insulated cable. Several 
years ago we started a similar research, but 
had to postpone active work due to the 
urgency of other researches. However, 
Doctor Race has gone into the subject 
much more accurately than we had planned. 

This paper gives us a better appreciation 
of the relative effect of using low- and high- 
weight-density papers. We know in manu- 
facture that it requires a longer time to dry 
and then impregnate high-density papers. 
This is confirmed by Doctor Race’s work. 
In view of the much easier flow of oil 
through normal-density papers, the ques- 
tion arises as to the desirability of using a 
large percentage of high-density paper in a 
cable. Of course, this will have to be 
balanced against their relative electrical 
characteristics. 

I wonder if the departure from a straight 
line for oil flow as given in figure 6 is par- 
tially due to the swelling of the fibers of 
the high-density paper which results in an 
increase in the thickness of the sheet under 
test as well as the closing up of the spaces 
between the fibers suggested by Doctor 
Race. 

The attempts of Doctor Race to apply his 
test data to actual cables is to be com- 
mended as it puts his work on a practical 
basis. The difficulty of getting close agree- 
ment with actual cables is due to several 
factors, such as: the view expressed by 
Mr. Halperin regarding flow between the 
layers of the paper longitudinally and along 
the spiral gaps; the tightness of wrapping 
of the layers and the difference in tempera- 
ture, that is, the temperature gradient be- 
tween the conductor and the sheath. 
Doctor Race assumes the temperature is 
constant for any given instant of time. - 
For very thin walls this is true, but for 
heavy walls it is not. The matter of the 
effect of tightness of wrapping could have 
been studied by having the flat sheets 
Doctor Race tested, subjected to various 
degrees of compression and then determine 
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he oil flow. However, we have a better 
appreciation of how much pressure is 
needed to maintain saturation of a cable. 

It is surprising that the pressure required 
is not very great and naturally, one may 
ask why do cables fail due to migration of 
oil and the formation of voids. In the 
so-called oil-filled type of cable we use a 
very thin oil and the pressures that we 
apply at joints are of such value that we 
can feed oil into all parts of the cable as 
rapidly as is necessary to maintain a posi- 
tive pressure and we, therefore, do not get 
voids or insulation failures. It is the ideal 
cable. Of course, we have another solution 
in the high-pressure cables which use higher- 
viscosity oils, but always maintain satura- 
tion because the pressure will force the oil 
along the cable and into the insulation. 
However, we have many miles of solid-type 
cable and we will have many more miles 
in the years to come. We, therefore, 
should consider how we can improve the 
solid type of cable. At the present time 
we use a tight-fitting lead sheath on our 
cables which prevents easy flow of oil from 
the joint along the cable between the inside 
of the lead sheath and insulation. We do 
not have any follow-up of oil with moderate 
pressure to feed into the insulation as the 
cable cools. It is true that we experience 
stretched lead sheaths due to the expansion 
of the oil in localized points along the cable. 
We do not want this; rather we want to be 
able to permit easy flow of oil back and 
forth along the cable. Again, we use 
varnished cambric wrapped joints because 
of the shorter time to make a joint as com- 
pared to a paper wrapped joint and we seal 
off the strands of the conductor from the 
joint compound. We believe this also is 
wrong. We have studied both of these 
factors in our laboratories and have con- 
cluded that a porous type of joint which 
will permit oil to flow into and out of the 
strands of a conductor is the proper kind 
to use, particularly for high-voltage cables. 
This, with the loose lead sheath, will reduce 
the high pressures produced in a cable 
during the heating portion of the load cycle 
and prevent a high vacuum to occur during 
the cooling portion of the load cycle. We 
have shown by our tests that the life of a 
cable is increased thereby. Doctor Race 
has shown us that it does not take much 
pressure to maintain saturation in the insu- 
lation, provided we can supply the oil when 
needed. 


H. H. Race: In general I agree with the 
ideas raised in the discussion of this paper. 
However, there are a few points on which I 
should like to emphasize a different inter- 
pretation. 

It seems to me that the first sentence of 
Mr. Halperin’s discussion is a misinterpre- 
tation of our data. In conclusion 1V, I 
stated that ‘‘the resistance to flow was not 
great enough to cause void formation” in 
our miniature cable samples. However, 
this does not mean that tonization was not 
the cause of failure, in fact, in most cases I 
believe it was and have already submitted 
part IV of this series of papers entitled 
‘Wechanism of Breakdown” giving the 
evidence. 

The last sentence of paragraph 3 of Mr. 
Halperin’s discussion also needs clarifica- 
tion. When a ‘‘solid type” cable cools no 
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Application of Large Phase-Shifting 


Transformer on an Interconnected 


System Loop 


By W. J. LYMAN 
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GROUP of 132-kv and 66-kv trans- 

mission systems form a loop about 

300 miles in circumference and connect 

many important generating stations and 

a number of load points in the western 

part of Pennsylvania and the eastern por- 
tion of Ohio. 

When these systems are operated in- 
terconnected at all tying-in points ex- 
cept one 66-kv tie north of Pittsburgh, 
the power exchange can be readily con- 
trolled. When this tie is closed, however, 
a complete ring is formed with multiple 
paths and an uncontrollable circulating 
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power flows around the loop. Under 
such conditions, controlling the division 
of load over the paths and the interchange 
between companies requires phase-shift- 
ing equipment. 

The phase-shifting transformer which 
is described in this paper was installed at 
the above mentioned point in order to 
make it possible to provide an emergency 
supply of power. Under ordinary oper- 
ating conditions, this tie is open and there 
is no transfer of power in either direction. 
When, however, an unusual emergency 
situation develops on either system, 
which cannot be handled by the generat- 
ing capacity associated with that system, 
the phase-shifting transformer can be 
put into operation by closing the tie and 
emergency power can be transferred from 
one system to the other. 

This paper describes the phase-angle 
problem, the system studies made to de- 
termine the type and capacity of regulat- 
ing equipment needed for the tie line, in- 
cluding the results of interconnected 
system tests, and operating performance 
after the installation of new equipment. 


voids will form and the internal hydraulic 
pressure will remain positive so long as the 
lead envelope collapses or changes its shape 
so as to keep the total volume within the 
envelope equal to the volume of the solid 
and liquid materials within this envelope. 
However, lead has little true elasticity and 
therefore it undergoes permanent deforma- 
tion easily, and follows such volume changes 
very imperfectly. When during cooling the 
sheath reaches a point beyond which it no 
longer follows the shrinkage of the materials 
within it, voids inevitably form. The gas 
pressure in these voids may be anywhere 
from less than one micron corresponding to 
the vapor pressure of the impregnant to a 
fairly high pressure, depending upon the 
temperature and how much residual mois- 
ture, air, or other gases are present. The 
“solid type” cable in which no reservoirs are 
provided cannot be completely free from voids 
or gas pockets during cooling. The electrical 
gradient at which ionization will start in 
such gas spaces depends upon a number of 
factors such as gas pressure, dimensions of 
the gas space, proximity to an electrode and 
condition of the intervening solid dielectric. 

A properly designed gas-free liquid-tm- 
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pregnated cable with sufficient reservoir 
capacity and liquid pressure 1s the only type 
in which voids or gas pockets cannot form 
during cooling. 

Regarding Mr. Halperin’s last paragraph, 
the factors he mentions certainly deserve 
consideration. As far as I know, however, 
their importance has not yet been measured 
quantitatively. As indicated by Mr. Del- 
mar, the object of this paper was to give 
quantitative mathematical and experimental 
study to one factor, namely, viscous flow, 
which seemed most important. 

The last paragraph of Mr. Wiseman’s 
discussion advocates a partial attempt to 
make an “‘oil filled” cable out of a “‘solid 
type” cable by providing a loose sheath and 
porous joints so as to provide easy longi- 
tudinal flow of oil. To complete the system 
reservoirs must also be supplied containing 
sufficient low viscosity oil to keep the system 
full and stop joints to prevent building up 
excess pressures at low spots in the system. 
Even with these modifications a solid type 
cable cannot be maintained free from voids 
at all times. Therefore, why not use a 
properly designed “‘oil filled” system in the 
beginning? 


TRANSACTIONS 579 


Characteristics of 


Interconnected Systems 


The interconnected systems and their 
geographical layout are shown by figure 1. 
Large generating stations are located in 
the Pittsburgh area at Brunots Island, 
Reed. Colfax, and Springdale; 
Youngstown area at Toronto, 
Castle, Lowellville, and Warren; and in 
the Canton-Akron area at Windsor, Ak- 
ron, and Cleveland. The 66-kv tie line 
between Valley and Ellwood is normally 
operated open at Valley, and the closing 
of this tie in an emergency is the subject 


of this study. 


A 30,000-kva quadrature regulator or 
phase shifter having a range of 5.7 de- 
grees plus or minus is located at Salt 
Spring substation, Youngstown, in the 
132-ky Warren circuit. 
is a 36,000-kva voltage regulator in the 
132-ky tie line to Springdale. 
watt interchange over this tie line is con- 
trolled automatically by regulating the 
Colfax generator output. 

The reactance of the component parts 
of the loop system is of considerable im- 
portance in this phase-angle study. A 
convenient graphical method was de- 
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veloped for illustrating the magnitude 
of the reactance and the interrelation of 
the various sections. This is shown on 
figure 2 with the relative electrical dis- 
tances between the stations drawn to 
scale in terms of the reactance of the lines, 
transformers, bus reactors, etc. The 
lengths of the solid lines represent ohmic 
values at 132 kv. Where several paths 
are in parallel, the equivalent net react- 
ance has been calculated and is indicated 
by the length of the dashed lines. It will 
be noted that the total net reactance 
around the loop is 465 ohms at 132 kv. 


Phase Angle and Load Transfer 


The flow of power current through a re- 
actance results in a phase-angle difference 
between the voltages at both ends, as 
shown on figure 3A. The LX drop is 
nearly in quadrature with the line volt- 
age. Conversely, the insertion of a quad- 
rature voltage in a reactive circuit will 
cause the flow of power current. Reac- 
tive current creates an 1X drop in phase 
with the line voltage (figure 3 B) and so 
produces no angular difference. Thus, 
quadrature voltage controls kilowatt 
power flow and in-phase voltage controls 
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reactive flow (modified slightly by line 
resistances). 

Due to the manner in which the loads 
and generating capacities are distributed 
around the loop shown in figure 2, the 
voltage drops in the various circuits do 
not cancel out, and there is usually a rela- 
tively large phase-angle difference be- 
tween the voltages at the open point. 
If the 66-kv tie at Valley substation is 
closed, as much as 12,000 kw will circu- 
late around the entire ring, passing 
through all the interconnection points. 
This uncontrollable circulating power 
would naturally upset normal interchange 
even for those companies not directly in- 
terested. It would also increase the. 
load on several important lines and trans- 
formers, possibly necessitating increased 
capacity at certain points. 

Hence, if the Duquesne Light Company 
and the Pennsylvania Power Company 
desire to interchange power, some of it 
will pass through the direct 66-kv tie and 
some around the opposite direction 
through the other systems, with no means 
of controlling the division over the vari- 
ous circuits. A phase-shifting trans- 
former connected in the 66-kv tie at 
Valley would introduce a _ controlled 
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Figure 2. Equivalent reactance interconnected systems 
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Table I. Check of Phase Angles Around the Loop 
October 1936 Tests 


Test No. 2—Normal 
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quadrature voltage to compensate for 
the inherent angular difference and would 
permit satisfactory closed-ring operation 
when desired. 


Field Tests—1928 


The character of the problem of oper- 
ating the 66-kv Valley interconnection 
closed simultaneously with the Colfax- 
Springdale interconnection was recog- 
nized many years ago, and the earliest 
effort to analyze the problem was a spe- 
cially conducted series of tests in 1928. 
These tests consisted primarily of taking 
simultaneous readings on transformers 
and lines around the entire 300-mile 
loop, as it was at that time, and reading 
the actual phase difference between the 
voltages appearing across the open 
switch at Valley substation. These tests 
were described in an AIEE paper.’ 


Field Tests—1936 


In 1936, it was decided to increase the 
interconnection capacity, largely as a re- 
sult of the March 1936 flood. One of the 
increases proposed was a large capacity, 
66-kv phase shifter in the Valley-Ell- 
wood City tie, in order to permit parallel 
operation. In order to obtain accurate 
and up-to-date information from which 


1. For all numbered references, see list at end of 
paper. 
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to determine the required range of volt- 
age and phase angle for the proposed regu- 
lator, another series of tests was run in 
the fall of 1936, similar to those performed 
in 1928. 

These tests were conducted during the 
heavy load period, and arrangements 
were made to measure the voltages, the 
kilowatt and the kilovolt-ampere loads on 
the circuits around the loop, with the 66- 
ky tie at Valley open and closed, and with 
different divisions of load between the 
power generating stations. The test pro- 
cedure was to take readings regularly 
every five minutes and to open and close 
the tie switch at a scheduled time be- 
tween readings. In this way, data were 
secured with the Valley tie open and then 
again, five minutes later, with the tie 
closed, and vice versa. 

Graphic records and indicating meter 
readings were obtained at the various 
points. At Valley substation, graphic 
records were secured of the kilowatt in- 
terchange, reactive kilovolt-ampere in- 
terchange, and the phase angle. The 
phase-angle record was secured on a 
wattmeter which had its potential coil 
energized from the Pennsylvania Power 
Company voltage through a metering 
transformer which shifted the voltage 
90 degrees. The current coil was sup- 
plied by a constant current from the 
Duquesne Light Company system 
through a resistance load box. For dia- 
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gram of connections, see reference 1. 
With this connection, the zero center 
wattmeter would read zero when the 
Duquesne Light Company and the Penn- 
sylvania Power Company voltages were 
in phase. The readings were calibrated 


by use of a recording voltmeter and am- 
meter. 

During the week following the tests, 
graphic charts were obtained of the volt- 
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Figure 3. Relation between phase shift and 
power flow 


ages and phase angles. Figure 4A shows 
the phase angle variations and figure 4B 
illustrates the characteristic periodic os- 
cillation of about five degrees occurring 
about 18 times per minute. This is 
probably the result of synchronizing 
power swings following the natural period 
of the combined system. 
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WEEKLY PHASE ANGLE RECORD 


_ Figure 4.  Phase- 
angle record 
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HIGH SPEED PHASE ANGLE CHART 


ONE MINUTE 


ELECTRICAL DEGREES 


SUMMARY OF TEST RESULTS 


One of the principal objectives of the 
test was to establish definitely the prac- 
ticability of calculating phase angles for 
any given set of load conditions. The 
load readings were, therefore, used to 
calculate the phase angle and compare 
with the actual measured angle, and the 
results are shown on table I. The corre- 
spondence is very close, considering that 
the readings are taken from meters which 
are continuously fluctuating over a wide 
range. 

Some typical power-flow and phase- 
angle test readings, as assembled and co- 
ordinated with the results, are shown on 
figures 5 and 6. It is interesting to study 
figure 5 and note that when the Valley 
tie is closed, the amount of circulating 
power passing through it actually ap- 
pears at every point throughout the 300- 
mile loop. It may be seen passing 
through the Springdale interconnection, 
increasing the load on the Springdale- 
Charleroi lines, decreasing the load on the 
Charleroi-Windsor lines, and so on 
around the entire loop, with no effect on 
any of the generator loads. The auto- 
matic load control on the Colfax-Spring- 
dale tie was cut out during this test. 

Figure 6 shows the charts for the inter- 
connection at Valley substation. The 
relation between the phase angle with the 
tie switch open and the power flow im- 
mediately after closing the switch can 
readily be seen. During these tests the 
reactive kilovolt-amperes flowed in a di- 
rection opposite the power. This was 
due to the fact that the ratio of the origi- 
nal tie line autotransformer was not 
changed to transfer reactive power. 
Referring to figure 3A, the resistance in 
the system causes the current to lag be- 
hind the quadrature voltage by an angle 
less than 90 degrees. The circulating 
current, therefore, leads the line voltage. 

On the 11:14 a.m. test (figure 6), 11,- 
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500 kw flowed through the Valley-Ell- 
wood tie, and an equal amount was trans- 
ferred from Colfax to Springdale. The 
automatic tie-line load control at Colfax 
was then cut in and set for zero inter- 
change. By the time Colfax had backed 
off enough load to bring the Springdale 
tie down to zero, the Valley tie load had 
built up, as shown, to 22,000 kw. Ef- 
forts to control the phase angle by shift- 
ing as much as 20,000 kw between vari- 
ous plants did not result in changes of 
more than five degrees. 

The normal open-circuit phase-angle 
difference between Valley and the Ell- 
wood City lines during the load period 
8 a.m. to 8 p.m. on week days varied be- 
tween zero and plus 22 degrees (Ellwood 
taste) s 

There is a rather definite relation be- 
tween the phase angle across the open 
switch and the power which flows imme- 
diately on closing the switch. This 
ratio, as determined by test, runs from 
about 800 kw per degree at small angles 
down to 500 kw per degree for very large 
angles. This value may be checked ana- 
lytically by taking the entire reactance 
around the loop, together with the volt- 
age difference corresponding to a one de- 
gree phase angle. The result is as follows: 


Reactance around loop = 465 ohms (at 
132 kv) 

Approximate impedance around loop = 
472 ohms 

Voltage corresponding to one degree = 

0.0175 X 132,000 


Vesinetiea— = 1,333 
V/3 
1333 
=) mee amperes 


Kw=~/3 EI (PF) =~+/3 (132,000) (2.82) X 
465 


—— = 635k 
472 5 kw per degree 


These tests demonstrated that a phase 
shifter is necessary in order to use the 
Valley-Ellwood and the Colfax-Spring- 
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dale ties simultaneously without splitting 
the Duquesne Light Company system 
into separate parts. The Valley loca- 
tion gives the most economical installa- 


tion. 


Load and Phase 
Angle Requirements 


The range of phase-angle control re- 
quired to attain the desired results is 
made up of two component parts: (a) 
the natural phase angle which may exist 
at any time due to the load and generat- 
ing conditions and the resulting net power 
flow in each individual section of the en- 
tire loop, and (b) the quadrature voltage 
necessary to send the desired amount of 
power through the tie line in the proper 
direction. With a phase shifter capable 
of meeting these requirements, it would be 
possible to interchange power in the de- 
sired amount between the two adjacent 
systems without affecting in any way the 
generation, transmission line, or tie-line 
loads on the other systems involved in the 
loop. 

The amount of phase shift needed to 
neutralize the natural angle involved a 
study of the characteristic load variations 
on the transmission lines and the effect 
of new generating capacity to be added in 
the future. 

The limits set up for power inter- 
change during an emergency were 40,000 
kva from the Pennsylvania Power Com- 
pany to the Duquesne Light Company, 
or 20,000 kva from the Duquesne Light 
Company to the Pennsylvania Power 
Company. These amounts are consistent 
with the requirements of each system and 
its ability to furnish power at that loca- 
tion. 


NATURAL PHASE ANGLE 
BETWEEN SYSTEMS 


Obviously, it is not sufficient to know 
only what the normal phase angle will be 
in order to determine the phase shifter 
required. This phase difference varies 
over a wide range, depending on varia- 
tions in the loads on the lines and trans- 
formers occasioned by changes in load, 
generation schedules, and emergency 
conditions. In general, the line loadings 
around the 300-mile ring tend to cancel 
out, and if the location of the loads and 
generation were entirely symmetrical, 
there would be no phase difference at 
Valley. : 

It is known, however, that load on lines 
feeding in one direction might possibly 
increase at the same time those feeding in 
the opposite direction would decrease. 
This would greatly increase (or decrease) 
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economical to provide for it. 


the phase difference at Valley. It is en- 
tirely possible to secure extremely large 
angles in this manner, but if this occur- 
rence is to be infrequent, it would not be 
Conse- 
quently, the proper solution cannot be 
reached by providing for the worst pos- 


~ sible condition. 


In order to reduce this problem to 


| more definite and tangible terms, the 
_ probability theory was applied to the 


basic information to determine the likeli- 
hood that the angle will exceed any 
given amount in either direction. This 
analysis has been limited to the period 
from 8 a.m. to 8 p.m. on week days. 


_ The phase difference during light loads 


is much less. 

The first step was to study the actual 
angular difference which existed and 
which could be measured at Valley sub- 
station. The combined result of many 
readings taken over several months is 
shown on figure 7. The angle varied 
from 0 to 22 degrees, with 11 degrees to 13 
degrees occurring most frequently. 


PROBABLE VARIATION 


Most variable conditions which center 
about an average figure, but deviate from 
this average with a frequency which de- 


Figure 5. Load distribution—megawatts 
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creases as the deviation increases, can 
usually be represented by the standard 
“bell” shaped distribution or probability 
curve. The experience curve on figure 7 
was plotted so as to show the percentage 
of the total number of readings of any 
particular angle. This curve has the 
characteristic ‘‘bell’’ shape and can be 
represented very closely, as shown by the 
series of crosses, with a standard curve. 
The hourly loads of each individual line 
or transformer, when plotted as a fre- 
quency distribution curve, will follow this 
general “‘bell’’ shape, having a certain 
average value, and varying above and be- 
low this average or mean by an amount 
depending on how widely the load fluctu- 
ates (8 a.m. to 8 p.m. load period only 
being considered here). If the curve for 
each line and transformer were available, 
they could be converted into phase angles 
(by using the load and impedance) and 
combined to obtain a probability curve 
for the phase angle at Valley. The meas- 
ure of the magnitude of the variation of a 
probability curve is called the standard 
deviation which is the root-mean-square 
of the deviations of all the individual 
points from the mean. It can be shown 


from the characteristics of the standard 
probability curve that the chances are 
two to one (2/3) that the load will not de- 
viate from the mean by more than the 
Furthermore, 


standard deviation. the 


chance that the load will exceed any given 
amount may be determined from the 
probability curve or standard tables. 

A study was made, therefore, of actual 
line load variations and representative 
probability curves obtained. The aver- 
age value of the standard deviation for 
these curves was found to be 15 per cent of 
the average load during the 8 a.m. to 8 
p.m. load period. This means that for 
only one-third of the time is the load more 
than 115 per cent or less than 85 per cent 
of the average. 

If there are several lines and trans- 
formers in a loop, each carrying a load in- 
dependent of the others, and varying ap- 
proximately according to the standard 
probability curve, the net phase shift of 
the whole group will also be a probability 
or ‘‘bell’’ shaped curve. The “S.D.” 
(standard deviation or spread) of this 
total curve will be the root-mean-square 
of the “‘S.D.’s” of the individual circuits. 

Load changes due to a general increase 
in system loads will not greatly affect 
the angle since they will tend to balance 
out, and it is only the independent varia- 
tions due to local conditions which affect 
the problem. It was found by examina- 
tion of simultaneous loads around the 
loop that 30 per cent of the variation is 
common to all circuits, so that the effec- 
tive standard deviation is only (100 per 
cent-30 per cent) X 15 per cent, or about 
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10:40 AM. VALLEY TIE OPEN READINGS SHOWN(3.8) 
10:45 AM.VALLEY TIE CLOSED READINGS SHOWN (I3.4%) 
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“11 per cent, for individual circuits. Using 
this figure of 11 per cent applied to 
all circuits around the loop gives a phase 
angle variation curve for Valley with a 
standard deviation of 3.7 degrees. This 
compares favorably with the 3.8-degree 
standard deviation of the average curve 
on figure 7, taken from actual readings. 


FUTURE PHASE ANGLE CONDITIONS 


The next step was to secure estimates 
by the various companies included in the 
transmission ring of the expected normal 
loads on their lines and transformers dur- 
ing heavy load periods after the installa- 
tion of the scheduled generators at Reed, 
Springdale, Windsor (two 60,000-kw 
units), and New Castle. These loads 
were used to calculate the phase angles 
in the manner previously described, and 
it was found that the normal phase angle 
at Valley substation will be about 7.5 de- 


grees. 
Inasmuch as the future loads are only 


estimates, it is necessary to provide some 
margin for estimating errors and other 
changes which may occur. Assuming 
that there is one chance in ten of a fore- 
casting error exceeding 25 per cent, a 
standard deviation of 15 per cent must be 
added to provide for this contingency. 
The combined standard deviation is the 
square root of the sum of the squares of 
the individual standard deviations, 


V 15? + 11%, which gives 18.6 per cent. 
This percentage was applied to the calcu- 
lated future phase angles around the loop 
in order to obtain the standard deviation 
for each individual section. A value of 
100 per cent was applied to the Colfax- 
Springdale tie and Windsor reactors, 
over which power may flow in either di- 
tection. The standard deviations thus 
determined were added numerically into 
groups, according to companies, since 
these circuits would be similarly affected 
by load shifts within each system. The 
root-mean-square of these latter figures 
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gave the standard deviation for the angle 
at Valley as 6.4 degrees. 

The resulting curve at the bottom of 
figure 7 shows, for example, that the an- 
gle will exceed 20 degrees about two per 
cent of the time, and will be less than 
—5 degrees about three per cent of the 
time. This curve gives a definite basis 
for applying a regulator with a fixed mini- 
mum range to compensate for an angle 
which has no fixed limits and which may 
vary over a very wide range. 


POWER TRANSFER 


After setting the phase shifter to com- 
pensate for the natural angular difference, 
the tie line can be closed and no power 
will flow. If, then, it is desired to shift a 
block of generation from one system to the 
other, the phase-shifter setting must be 
changed to pass the power without per- 
mitting any of the power to circulate 
around through the other companies in 
the loop where it would very likely upset 
tie-line loadings. 

The amount of phase shift needed to 
accomplish this power exchange may be 
readily determined by the process of su- 
perposition, For example: Suppose it 
is desired to transfer 20,000 kw from the 
Duquesne Light Company to the Penn- 
sylvania Power Company by picking up 
20,000 kw at the Colfax power station and 
dropping 20,000 kw at the Toronto power 
station. Regardless of the magnitude or 
direction of loads already existing on the 
intervening circuits, the net additional 
phase shift would be equal to that pro- 
duced by transmitting 20,000 kw from 
Colfax to Toronto, assuming no other 
loads on the lines. In order to transfer 
this power without the phase shifter, Col- 
fax would have to advance with respect 
to Toronto by this calculated angle. 
This, quite obviously, would cause power 
to flow also from Colfax to Toronto 
through the other systems in the ring. If, 
however, the phase shifter in the Valley 
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Figure 6. Relation | 


tie is advanced by an amount equal to 
the calculated angle, Colfax and Toronto 
will not change their relative angular po- 
sitions, and the only power flow will be 
the 20,000 kw from the Duquesne Light 
Company to the Pennsylvania Power 
Company through the Valley-Ellwood 
tie. 

The phase angle produced by a given 
kilowatt load is not greatly affected by 
the power factor of the load on a system 
composed of transformers, reactors, and 
large capacity overhead lines, with con- 
sequent low ratios of resistance to react- 
ance. Itcan be calculated approxunatel 
by the formula: 


le (d ) (KW) (Reactance) 0.057 
Angle (degrees) = (KV)? 


Note: 0.057 = 1000 sin 1° 

The phase shift corresponding to the 
requirement of transferring 20,000 kw to 
the Pennsylvania Power Company, as 
described above, was found by calcula- 
tion to be eight degrees (exclusive of [Z 
drop in phase shifter). Since the natural 
angle may be 20 degrees (Pennsylvania 
Power Company leading Duquesne Light 
Company), a total net range of 28 de- 
grees would be necessary in order to be 
able to furnish 20,000 kw under all rea- 
sonable conditions. If the power factor 
of the interchange were 90 per cent lag, 
the above value of eight degrees would re- 
duce to about seven degrees. 

The phase angle required for shifting 
20,000 kw at unity power factor between 
various points has been found by calcu- 
lations and tests to be: 


= = ——— | 


Net Phase Shift 
Required* (Degrees) 


Colfax'and:T orontoae.. ae cee te eee 8.0 
Brunots Island and New Castle....... 6.5 
Springdale and Windsor.............. 3.5 
Windsor and. Philo. sare. o cceeee sess 2.5 
Toronto and New Castle............. 3.0 
Colfax and Brunots Island. ..>- 55... - 1.5 


* Excluding regulator drop. 


SELECTION OF PHASE-ANGLE RANGE 


A regulator capable of handling 40,000 
kva and having a net shift of 28 degrees 
with a 20,000-kva load would be very large 
and correspondingly expensive. Conse- 
quently, a close scrutiny was made of the 
requirements, with the result that a se- 
ries-parallel arrangement was developed. 

The 28 degrees is necessary for the con- 
dition of 20,000 kva to the Pennsylvania 
Power Company, which is the maximum 
requirement set up. However, since the 
Pennsylvania Power Company voltage is 
normally in advance of the Duquesne 


ELECTRICAL ENGINEERING 


ght Company voltage, a smaller phase 
shift is adequate to transfer power to the 
Duquesne Light Company. By the 
simple expedient of dividing into two 
parts the windings which carry the line 
current and providing a series-parallel 
switch, it was possible to reduce the rat- 
ing of the regulator to 20,000 kva and 
28 degrees net (33 degrees no load) on the 
series connection. By changing to the 
parallel connection, the carrying capacity 
becomes 40,000 kva, and the available 
phase shift of 15 degrees net (18 degrees 
no load) is adequate to transfer full load 
to the Duquesne Light Company under 
all reasonable conditions, 

_ The phase shift requirement for either 
company to take power through the Valley 
tie is materially reduced (about five de- 
grees) if the company is at the same time 
taking power from other interconnected 
systems. This would be the normal con- 
dition during an emergency. Should 
conditions arise when the phase shift re- 
quired is greater than the regulator ca- 
pacity, the result is not serious. For a 
five degree shortage, the Valley tie will 
carry 3,500 kw less than desired and the 
other tie 3,500 kw more than the desired 
amount. 


Loap INCREMENTS 


With 20,000 kw at unity power factor 
transferred as described above, the total 
phase shift would be 8 degrees through 
the systems, plus 5 degrees in the regula- 
tor itself, or 13 degrees. The load shift 
per degree is, therefore, computed to be 
about 1,500 kw when shifting between 
Colfax and Toronto. As shown by pre- 
vious tests, and verified by calculation, an 
angle of one degree will send only 600- 
800 kw around the entire 300-mile loop. 
In this connection, the automatic load 
controller on the West Penn Power Com- 
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Figure 7. Natural phase-angle variation be- 

tween Duquesne Light Company and Penn- 

sylvania Power Company at Valley (no load 

on tie) Monday to Friday inclusive—8:00 
a.m. to 8:00 p.m. 
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Figure 8. Regulator 
diagrams 
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pany tie line at Colfax must be taken 
into account. A sudden insertion of one 
degree, such as by changing taps on the 
phase shifter, would circulate about 800 
kw around the entire loop. This power, 
which would also flow through the West 
Penn tie at Colfax, would operate the tie 
line load controller, which would change 
the Colfax generation to return the tie 
line load to its original value, This 
would further increase the load change 
through the phase shifter after a brief 
interval to about 1,500 kw, correspond- 
ing to a transfer between the adjacent 
systems only. If the regulator steps were 
two degree each, the kilowatt change per 
step would be 3,000, which is not con- 
sidered excessive, and is less than the 
normal power oscillations which occur 
continuously. 


VOLTAGE REGULATING REQUIREMENTS 


It is also necessary to provide an ade- 
quate range of voltage control in the regu- 
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lating equipment. . The normal voltage 
on the Duquesne bus at Valley is 63-65 
kv. With a load transfer to the Penn- 
sylvania Power Company of 20,000 kw 
at 0.8 power factor, the Duquesne bus 
would have a voltage regulation of 4.2 
per cent and the regulator would, there- 
fore, have to raise the voltage from ap- 
proximately 61 kv to the required value of 
71 kv, or 16 per cent net boost. 

The normal voltage on the Pennsyl- 
vania Power bus at Valley is 65-68 kv. 
When supplying 40,000 kva at 0.9 power 
factor to the Duquesne Light Company, 
the voltage would be 60.5 kv. The de- 
sired voltage at Valley under this condi- 
tion is 65.5, or a net boost of eight per cent 
(buck toward Pennsylvania Power Com- 


pany). 
Description of New Regulator 


The single-line diagram on figure 8 
shows the schematic arrangement of con- 
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Figure 9. 66-kv regulating equipment—three-phase wiring diagram 


nections, and figure 9 shows the simpli- 
fied wiring diagram of the new phase- 
shifting transformer. The essential parts 
of this equipment are: 


(a) Exciting Transformer. A 65-kv delta 
primary on a three-phase core, with two 
secondary windings, one for quadrature 
voltage and the other for in-phase voltage. 


(b) Series Transformer. A three-phase 
core with one primary supplied from the 
exciting transformer and double secondary 
for 20,000 kva (series) or 40,000 kva 
(parallel) in series with the line. The 
change between the series and parallel con- 
nections is made with a hand wheel that 
can be operated from the ground level. 
This change cannot be made under load 
and, therefore, requires a five-minute 
interruption. 


(c) Two Load Tap Changers. For quad- 
rature and in-phase voltages, each with 33 
steps, 16 on either side of neutral. 


(d) Two Preventive Autotransformers for 
tap changing under load. 


(e) Fans for increased rating. Rating 
15,000/30,000 kva self-cooled and 20,000/- 
40,000 with fans. 


The voltage diagram on figure 8 shows 
the range of phase shift and voltage con- 
trol available. In order to secure the net 
shift of 28 degrees on the 20,000-kva con- 
nection, a quadrature voltage of 67.5 per 
cent was needed. This would give 33.75 
per cent quadrature voltage on the par- 
allel connection. In order to utilize this 
and obtain an eight per cent boost when 
feeding toward the Duquesne Light Com- 
pany (eight per cent buck toward the 
Pennsylvania Power Company) a 16 per 
cent buck was required as shown on the 
diagram. This determined the in-phase 
voltage required, although the resulting 
32 per cent on the series connection is not 
all needed. 

The quadrature tap changer can be 
made to operate automatically from a 
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Figure 10. 
of load shifting tests 


watt-meter in the tie line, in order to hold 
the load within any desired range. 


Results of Tests on 
Completed Installation 


Arrangements were made to perform 
some load-shifting tests as soon as the 
regulator was available for service, in 
order to verify its ability to perform the 
functions for which it was designed. The 
load charts reproduced on figure 10 show 
the power interchange over the tie lines 
between the various systems making up 
the loop. The tests may be described 
briefly as follows: 

Test I—20,000-Kva Connection, Power 
to Pennsylvania Power Company. With 
the automatic load control on the Colfax- 
Springdale tie inoperative, 15,000 kw were 
sent to the Pennsylvania Power Com- 
pany by the phase-shifter control. The 
15,000 kw flowed around the entire loop 
with practically no effect on generator 
output. Under similar conditions, dur- 
ing a previous test (before the phase 
shifter was installed) it had been impos- 
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sible even by adjusting generator output 
and switching, to transfer any power di- 
rectly from Valley to Ellwood substa- 
tions. 

The power flow per degree of phase 
shift was found to be 790 kw per degree. 
This is higher than the theoretical aver- 
age value of 635 kw per degree due pos- 
sibly to some unlooked for generator ad- 
justments around the loop. 

Test II-A—20,000-Kva Connection, 
Power to Pennsylvania Power Company. 
This was similar to test I, except that the 
automatic load control was operating on 
the Colfax-Springdale tie as it was in all 
tests except I. Figure 10 shows that no 
load change occurred on the Colfax- 
Springdale tie, Colfax picking up 15,000 
kw of load equal to that transferred to 
the Pennsylvania Power Company. 
Curve G, however, shows that a large part 
of the 15,000 kw passed through Canton 
and South Akron and to the neighboring 
companies on the west. 

The load shift at Valley proved to be 
1,220 kw per degree, instead of 1,500 kw 
per degree, as had been calculated for a 
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transfer from Colfax to Toronto, ob- 
viously because the load picked up at 
Colfax was dropped by power stations 
beyond the Ohio Edison Company sys- 


regulator quadrature voltage tap A-28, 
Two more steps to tap A-30 would have 
increased the load to about 20,000 kw. 
The three remaining steps would have 
transferred the 20,000 kw even if the 
Pennsylvania bus voltage had been 18 de- 


tem. 
| The 15,000 kw were transferred on 
| 


ee 


grees ahead of the Duquesne bus voltage 
(tie open) instead of 12 degrees as it was 
during this test. Furthermore, if all the 
load decrease had been made at the Ohio 
Edison Company plants. there is no 


_ doubt that the 20,000 kw transfer could 


— 


have been made in the face of a natural 
phase difference of 20 degrees, thus dem- 
onstrating that the phase-angle range pro- 


_ vided is neither too small nor unneces- 


sarily large to accomplish the established 
requirements. 

Test II-B—20,000-Kva Connection, 
Power to Duquesne Light Company. 
About 20,000 kw were sent from the 
Pennsylvania Power Company to the 
Duquesne Light Company. In this case 
Colfax dropped 20,000 kw and most of it 
was picked up on the Ohio Edison Com- 
pany plants, only about 5,000 kw coming 
through its ties to the west. The power 
shift in this case proved to be 1,530 kw 
per degree, which corresponds very 
closely with the predicted figure of 1,500 
kw per degree for transfer between Colfax 
and Toronto. The method of analyzing 
this part of the problem is thus fully sub- 
stantiated. 

On this test, reactive power was trans- 
ferred in order to adjust the power factor 
to the desired value. Each two per cent 
in-phase step transferred about 1,700 
kilovars. Each 4.2 per cent quadrature 
step transfers about 3,000 kw between 
Duquesne Light Company and Ohio 
Edison Company. The greater effec- 
tiveness of the in-phase voltage is due to 
the fact that the only impedance to be 
overcome is between points where the 
voltage (magnitude) is held constant, 
which points are closer together than the 
generating stations between which power 
is being transferred. Synchronous mo- 
tors and condensers also tend to maintain 
the voltage magnitude, but not the phase 
relation. 

Test III—40,000-Kva Connection, Power 
to Duquesne Light Company. This test 
was run to demonstrate the ease with 
which desired amounts of power may be 
obtained by the Duquesne Light Com- 
pany from both the West Penn Company 
and the Pennsylvania Power Company. 
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A total of 64,000 kw was obtained, di- 
vided nearly equally between the two 
interconnections. With system condi- 
tions as they were at the time, very little 
phase shift was needed, but during emer- 
gencies such as would require this large 
amount of power, the phase-angle con- 
ditions would vary over a considerable 
range and most of the 15 degrees available 
would be needed. ‘ 

Test IV—40,000-Kva Connection, Power 
to Pennsylvania Power Company. This 
test was performed to see how much 
power could be sent to the Pennsylvania 
Power Company with the limited range 
available on the parallel connection and 
the natural angle existing at the time 
(12 degrees). About 14,000 kw were 
transferred, using the full range of 18 de- 
grees (no load). This average of 2,300 
kw per degree is greater than on the 
series connection because the impedance 
of the regulator is only one-quarter as 
great. This reduces the total impedance 
between Colfax and Toronto by 33 per 
cent, which corresponds closely with the 
relation between 1,535 kw per degree and 
2,300 kw per degree. 


Conclusions 


1. A regulating transformer to control 
phase angle as well as voltage magnitude 
is necessary in order to utilize successfully 
the tie line between Valley substation and 
Ellwood City. 


2. The methods outlined herein for ana- 
lyzing the characteristics of the inter- 
connected system are entirely practical and 
accurate for determining the size and range 
of the in-phase and quadrature voltage 
control required. 


3. The phase-shifting and voltage-regu- 
lating equipment, as installed, performed 
satisfactorily and gave positive and inde- 
pendent control of the kilowatt and reactive 
flow through the tie line under the desired 
conditions. 


4. The use of a series parallel (20,000— 
40,000 kva) arrangement permitted a more 
economical solution of this problem where 
special load carrying and phase-shifting 
requirements had to be met. 


5. The method outlined herein for ex- 
pressing the future phase-angle variations 
by use of the probability theory is believed 
to be applicable to a variety of other prob- 
lems of a similar nature. 
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Discussion 


Robert Treat (General Electric Company, 
Schenectady, N. Y.): The considerable 
number of studies made, and of inquiries 
received for quotations on phase-shifting 
transformers over a period of years indi- 
cates that this subject has intrigued the 
imaginations of many utility engineers. 
The small percentage of such inquiries 
which have resulted in orders, however, 
indicates that the cost of solving the problem 
by this means has generally been considered 
disproportionate to the expected benefits. 
It would appear that most of the problems 
have been solved in a less expensive, per- 
haps also in a less satisfactory, manner. 

This paper is of interest in that it de- 
scribes one case in which a really compe- 
tent and penetrating analysis showed the 
installation of a phase-shifting transformer 
to be economically justified. Operating 
experience appears to have confirmed the 
wisdom of the decision to proceed with the 
installation. 

The information in this paper will be of 
great value to other engineers who are con- 
fronted with similar problems. 


Philip Sporn (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The type of transmission loop, described by 
Messrs. Lyman and North in this paper, is 
distinctly a product of the interconnection 
idea, as carried out by the various com- 
panies involved in this loop, including par- 
ticularly the company with which I am 
associated. This problem of loop operation 
and inability to maintain complete control 
of power flow over individual portions of 
such loops is one that we are confronted 
with continually. 

The authors have described a very thor- 
ough method of analysis of their particular 
problem, from the standpoint of both com- 
putations and field observations. The 
graphical representation of the actual and 
equivalent loop reactances as shown in 
figure 2 of the authors’ paper is novel and 
helpful, and the application of probability 
theory to the selection of the range of con- 
trol which can be economically justified, is 
also a sensible and practical means of ap- 
proach. In fact, starting out on the pre- 
mise that fairly complete control of power 
flow is necessary on an interconnection of 
this type in order to obtain the advantages 
of the interconnection, the authors have 
attacked and solved the problem in a sound 
and clever manner. 

However, in the light of the experience 
we have gained in operating interconnected 
systems, I should like to raise a question as 
to the premise on which this entire study 
was based. At the outset it is stated that 
the interconnection is to be used only in 
case of an unusual emergency situation to 
provide an emergency source of power. I 
should like to ask why, as an emergency 
proposition, it would not have been possible 
to have taken care of the emergency by 
simply closing the switch at Valley, regard- 
less of the particular phase-angle situation 
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SOURCE 


Figure 1 


existing at the time, and allowing the power 
to flow in whatever direction and amount it 
chooses. Even though power did not flow 
in the direction and amount desired at that 
time, nevertheless, continuity of service 
would be maintained, and voltages would 
be upheld by the necessary exchange of 
reactive kilovolt-amperes, independent from 
the flow of power. After all, it is generally 
true in networks that power will flow over 
the path of least resistance, so that the 
simple closing of the switch without any 
attempt to force power to flow in any par- 
ticular direction will generally result in the 
least over-all system losses from generating 
stations to loads. Of course, there may 
exist limitations in some cases, such as small 
capacity transformers in the loop which 
might be overloaded, but from the values of 
circulating load mentioned in the paper, it 
is my impression that this would not be 
the case on this particular loop. 

For a permanent operating setup, the 
closing of a tie such as this, without phase- 
angle control, would undoubtedly introduce 
complications into the billing of the various 
groups physically connected in the loop. 
While this may appear insurmountable for 
permanent operation, it has been our experi- 
ence that in most cases a solution is possible 
and that a great deal of effort to work out 
the problem on that basis is justified before 
resorting to phase-angle control. In other 
words, we believe that it is far better to let 
the power flow naturally and carry out such 
adjustment as may be called for in the 
billing arrangements rather than to resort 
to devices like phase-angle-control equip- 
ment which not only are a major expense in 
themselves but obviously decrease the reli- 
ability of the interconnections and in many 
cases serve only as a “bottle neck.” In the 
particular case described, since it was estab- 
lished purely for taking care of emergency 
situations and was not intended for per- 
manent operation, I would more than ever 
question whether the phase-angle-control 
solution is economically sound. 


T. G. LeClair (Commonwealth Edison 
Company, Chicago, Ill.): The phase- 
shifter application described in the paper is 
an unusual one because the phase-angle 
range is so much greater than would nor- 
mally be expected. 

The discussion by Mr. Sporn might infer 
that phase shifters are not economically 
sound because in a closed network the power 
will follow the path of minimum reactance 
and, theoretically, the path of minimum 
loss. However, there are two conditions 
where phase shifters are of great economic 
value and where the general statement does 
not apply. One is the condition of two 
parallel lines in which the ratio of carrying 
capacity to impedance is not thesame. For 
example, in Chicago we have two 66,000- 
volt cable circuits with nearly equal imped- 
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ance, but with one having nearly twice the _ 


load carrying capacity of the other. A 
phase shifter is essential for this application. 

The other necessary application for phase 
shifters is in large loops involving more than 
one company where the power flow must 
be controlled to meet arbitrary contractual 
agreements. In some cases, where one 
party to an interconnection is not co-opera- 
tive, it may be cheaper to install a phase 
shifter than to pay penalties under a con- 
tract for not having maintained the correct 
line loading. 


S. B. Griscom (nonmember; Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa.): The authors are to 
be commended for the thoroughness with 
which they analyzed the problem, and for 
their clarity in presenting the steps by 
which the required equipment ratings and 
characteristics were determined. The use 
of the probability theory to insure adequate 
but not excessive phase-angle range is par- 
ticularly noteworthy. 

Referring to figure 2, it is interesting to 
note that a very considerable portion of the 
total loop reactance is attributable to the 
bus reactors and voltage transformations at 
Colfax, Brunots Island, and Windsor. This 
would offhand lead to the conclusion that 
these connections are responsible for a large 
part of the required phase-angle shift. 
However, a review of table I shows that this 
is not the case, as under the expected loading 
conditions, the transfer of power through 
these elements is comparatively small. It 
is also very interesting to note that of the 
total quadrature range of the regulator, the 
major part is required to compensate for 
the cumulative phase angles generated 
around the loop, as compared to'the nominal 
phase angles tabulated under ‘Power 
Transfer,” required to shift 20,000 kw 
between various points. 

The writer would like the authors’ opinion 
as to the probable needs of the central sta- 
tion industry for combined phase-angle and 
voltage control for fields now commonly 
using step-type voltage regulators of nomi- 
nal capacity, say 50- to 500-kva regulator 
size. For example, it seems to the writer 
that there must be frequent cases where 
load is fed as shown by figure 1 of this 
discussion. Load C is fed by two lines, 
one of which is tapped at B. Under these 
circumstances, the limiting load that can 
be delivered to C is reached when the line 
from A to B is fully loaded, whereas the 
direct line from A to C may be well under 
its maximum rating. A regulator at R 
will serve to force the necessary increment 
of load over the direct line to C, relieving 
the load on the line from A to B, and thus 
increasing the total load that may be served 
at C. In the simple case as illustrated, 
probably the emergency condition of one 
line out of service fixes the ultimate limit, 
but with other standby feeds to C, it would 
seem that dividing the load between the 
principal circuits in proportion to their 
capacity, a small investment in regulators 
would permit fuller utilization of a larger 
investment in lines. 

It is possible to combine both phase-shift 
and voltage-ratio changes with a single 
regulating mechanism, provided that a 
fixed relation between them is permissible. 
In addition to the well-known 60-degree 
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relationship, between the line and increment 
voltage, any other desired value may be 
obtained by proper design of the regulator. 

The authors were able to make extensive 
tests on the interconnected system to obtain 
confirming tests of these calculations. 
These were supplemented by calculations 
projected to cover expected future condi- 
tions. While not particularly complicated, 
such calculations may prove quite arduous, 
particularly if a number of the lines have 
considerable resistance, and there are a 
large number of possible future conditions 
to be examined. In such cases, the work 
would be very much facilitated for the use 
of the a-c calculating board, such as the one 
used by the company with which the writer 
is connected. This board has been used 
on over 200 system studies since its installa- 
tion eight years ago. 


W. J. Lyman and J. R. North: The authors 
are indeed grateful for the interest shown in 
this subject by the discussions presented. 
It is worthy of note that no exceptions were 
taken to the method of approach and the 
manner in which the problem was solved. 
Particular notice was taken of the favorable 
reception accorded the use of probability 
analysis. This seems to reinforce other 
indications that the probability theory is 
coming to be more generally accepted as a 
method of approach with certain types of 
power system problems. 

Mr. Griscom raised the question of the 
probable use of phase shifters in the future 
to balance loads on parallel circuits. The 
authors feel that this is a distinct possibility, 
and as described in Mr. LeClair’s very 
interesting comments, the idea has already 
been applied. It would seem that, par- 
ticularly in metropolitan areas where addi- 
tional rights-of-way are becoming more 
difficult to obtain, there may be more 
pressure brought to bear to secure the 
maximum possible use of existing facilities. 
The example cited by Mr. Griscom is quite 
common, and in a few cases at least, reactors 
have been used to secure better load balance. 
However, where voltage regulation is a 
problem, the phase shifter might be justified 
by the amount of voltage control which 
could be obtained. In our opinion, such 
applications would, in general, involve larger 
sizes than those mentioned by Mr. Griscom. 
Mr. Treat’s comments on the inquiries 
received on phase-shifting equipment may 
bear out the contention that more interest 
is being shown in this method of control 
and that it is at least being considered for 
the solution of a wider variety of problems. 

Mr. Sporn’s discussion of the economic 
aspects of the problem is quite pertinent. 
Naturally, the expenditure must be justified 
in one way or another. In this particular 
case it was largely as a result of the 1936 
flood that it was decided to increase the 
interconnection capacity. Due to the great 
distances and the number of parties involved 
in the transmission loop it would not be 
possible to use the full rated capacity of 
both large interconnections without some’ 
form of power control. The phase shifter 
thus actually increases the effective inter- 
connection capacity. Inasmuch as a new 
regulating transformer was required in any 
event to increase the tie line capacity, the 
phase-angle control was obtained for a 
reasonable incremental investment. 
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I. Introduction 


| tere IMPORTANCE of maintaining 
the insulation on all parts of an elec- 
tric system in good operating condition is 
fundamental with any power company 
today, particularly on such equipment as 
high- and medium-voltage bushings and 
transformers. The maintenance of such 
insulation requires some sort of periodic 
test to determine its condition, an exact 
location of faults, and requirements for 
reconditioning or replacing faulty parts. 

‘Until the introduction of the power- 
factor method of insulation testing, the 
methods available were generally un- 
reliable, uncertain, or of a type which de- 
stroyed the insulation if faulty or per- 
haps weakened it by excess voltage, even 
if normally good. The introduction by 
the Doble Engineering Company of a 
power-factor test set for field use some 
eight years ago made possible the prac- 
tical testing of bushing insulation under 
service conditions. The further develop- 
ment of this test set, together with ex- 
tension of its application to testing trans- 
formers and other equipment, and re- 
finement in measuring technique and in- 
terpreting of results, has produced a 
highly satisfactory test device for de- 
termining the condition of high-voltage 
insulation in the field. 

This successful development of field 
power-factor testing of insulation to its 
present state has been possible only 
through the closest co-operation between 
the manufacturer and users of the test 
set in the interchange of ideas, field rec- 
ords and technical data. Without such 
a procedure, progress would have been 
much impeded and the present usefulness 
of power-factor test application re- 
stricted. The equipment manufacturer 
has also lent his aid to this work, and in 
fact today at least two bushing manu- 
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facturers are power-factor testing new 
bushings as a routine test procedure, and 
one manufacturer has started power- 
factor testing high-voltage transformer 
windings. 

Although the goal of complete elimi- 
nation of all bushing, oil circuit breaker, 
and transformer failures in service prob- 
ably never will be reached, the power- 
factor test method now available and in 
use by a large number of power com- 
panies has proved to be a useful tool in 
detecting faulty insulation prior to equip- 
ment failure in service. Reduced failures 
of equipment in service, decrease in cost 


Light delivery truck, specially fitted 
to carry portable insulation test set and all 
A field test is being made on a 
33-kv oil circuit breaker 


Figure 1. 


accessories. 


of maintaining such equipment, and 
better service supplied by electric systems 
to their customers are the objectives of 
the periodic testing program of field in- 
sulation testing which has been in effect 
for the past five years on the system of 
the company with which the author is 
associated. 


Il. Scope of This Paper 


Power-factor testing of oil circuit 
breakers and their bushing insulation was 
tried out on the properties of the Ameri- 
can Gas and Electric Company in 1929. 
The results were so satisfactory that a 
periodic test schedule was started on the 
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same equipment in 1932 and extended to 
transformer insulation in 1934, and gradu- 
ally to other miscellaneous equipment as 


_the test work progressed. The results of 


much of this’earlier work have been pre- 
viously reported!’ in 1934. 
Herein will be given: 


1. An outline of our present test procedure, 


2. General description of test methods 
used, 


3. Our present test standards for judging 
insulation condition. 


4. Summary of fault conditions found in 
bushings, power and instrument trans- 
formers, and oil circuit breakers, for the 
years 1932 to October 1937, inclusive, 
including some records on cork gaskets. 


5. Discussion of results obtained. 


6. Conclusions based on the results of some 
51/2 years of actual field tests by the power 
factor method on equipment on the Ameri- 
can Gas and Electric Company system. 


It is outside the scope of this papér to 
discuss in detail bushing design as con- 
tributory to service faults, or to describe 
procedure for servicing equipment found 
faulty by test. 


III. General Test Procedure 


The test set, which has previously been 
described,! consists essentially of a 10,000- 
volt test transformer with means for ad- 
justing the voltage and an instrument 
case containing wattmeter, voltmeter, 
and ammeter for obtaining readings of 
watts, voltage, and current. The power 
factor is readily obtainable in most cases 


Rear view of test car showing 
instrument cases on top shelf, test transformer 
with control panel, oil test cup, and tool box 
and high-voltage test cable 
coiled in cylindrical pan on car floor 


Figure 2. 


on second: shelf; 
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by one slide-rule setting. Other mis- 
cellaneous equipment, such as standard 
condenser, oil cup, test leads, guard cir- 
cuit, safety switches, etc., comprise the 
balance of the equipment. All major 
test equipment is specially designed, and 


Figure 3. Field test of oil circuit breaker. 
The test man reads his instruments without 
removing them or the test transformer from the 


test car. The other man, standing on the 
ground, connects the test lead to the bushing 
with an insulated switch stick 


carefully shielded—an important feature 
required for use in the field. 

In actual operation, the test equipment 
is carried in a light delivery truck as 
shown in figure 1. A view of the rear of 
the truck, with full door opening, is 
shown in figure 2. The interior of the 
truck has been specially fitted with 
shelves and partitions to hold the test 
equipment, not only rigidly in place dur- 
ing transit, but without being moved 
when testing is in progress. Figure 2 
shows the instrument case on the top 
shelf, the test transformer, oil cup, and 
tool box on the middle shelf, and the 60- 
foot test lead coiled in a cylindrical con- 
tainer on the floor. A typical field test 
on an oil circuit breaker is shown in prog- 
ress in figure 3. 

The test schedule was first set up on a 
yearly basis. As the test work was ex- 
tended each year to other equipment not 
contemplated when the schedule was 
first arranged, equipment has been tested 
every 18 months to two years instead of 
yearly as initially planned. At the pres- 
ent time we have three test sets in con- 
tinuous use throughout the year. 

All fault conditions found are immedi- 
ately brought to the attention of the 
person in direct charge of maintenance, 
and major faults are recommended for 
immediate correction. Minor faults are 
pointed out, but are usually left until 
regular maintenance periods, or until 
next periodic test, according to the ap- 
parent importance of the fault and service 
conditions. 

Copies of all field test records giving 
classification of faults according to sever- 
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ity, and recommending servicing proce- 
dure are promptly distributed to the 
person in charge of operation, to the Doble 
Engineering Company, and to the engi- 
neering department of the American 
Gas and Electric Service Corporation. 
Although the field-test men make the 
initial recommendations for servicing 
faulty equipment, subsequent triple re- 
view of the test data and recommenda- 
tions are possible by the above procedure. 
Be it said to the credit of the test men, 
rarely has any exception been taken to 
their initial recommendations .given at 
the time the tests were made in the field. 

From the very start of this test pro- 
gram it was believed that the best re- 
sults would be obtained by placing the 
test set in the hands of a technically 
qualified man, specially trained in this 
type of work, making tests continuously, 
and held highly responsible for the prog- 
ress made and the recommendations 
given. Our experience bears out this 
belief. Such a man often detects fault 
conditions in the field which can easily 
be overlooked by adherence to an ar- 
bitrary set of power factor, watt loss, 
current, or other limits. Such limits are, 
however, essential as a basis of evaluating 
faults, although supplemental tests or 
inspections have frequently detected 
faults which would not have otherwise 
been found. 


IV. Detailed Test Methods 


In applying test voltage 10 kv is used 
unless this is above the safe limit of the 
equipment being tested or unless the 
charging current exceeds the range of the 
measuring instruments. If such con- 


ditions exist, the applied voltage is re- 


duced to 5.0, 2.5, or 1 kv as required. 


Or CrrcuiIT BREAKERS 


The method of testing oil circuit break- 
ers has previously! been described in 
detail. It consists essentially in testing 
each bushing separately, with the breaker 
open, and each tank separately (two bush- 
ings plus internal cross connection) with 
the breaker closed. It is usually un- 
necessary to disconnect the external leads 
to the bushing unless a fault condition is 
found. Evaluation of watts, power fac- 
tor, and in some cases current (See V— 
“Classification of Faults’’ and table III) 
enable the classification of the insulation 
condition. 


TRANSFORMERS 


Testing the insulation of transformers 
by the power-factor method differs some- 
what from the procedure followed in oii 
circuit breakers, first because physical 
separation of bushing from the internal 
insulation (winding) is usually not pos- 
sible without opening the transformer 
tank (which involves extra labor), and 
second because it is often desirable to 
test the insulation of both windings of a 
transformer as well as their interwinding 
insulation. Also, another important fea- 
ture that has to be considered is the rela- 
tive large magnitude of watts loss and 
current in winding insulation as com- 
pared with those in bushings. This can 
easily obscure the fault in a transformer 
bushing unless it is disconnected and 
tested separately, or other means of test 
and analysis are used. 

With instrument transformers such 
special test means and analysis have been 


Table I. Test Procedure on Instrument Transformers 
(See Figure 4) 
Connections 
Test Meter Test 48 
‘ ° T 
Number Reading To Ground Shield 
Leieiece tastes Wat Wet Ai + Be scceccccuc U3 Cr ath 2 Cine re raters Li Le 
a ates akc yepereet Hale geet eee no Ay We Cearteaeeee Ly oth Laceaee eae Hz 
BPR Tea ices Hz + X1 Marsleteierctemen els Cope cock Shel W oy oHedda ds 1h 
Table Il. Test Procedure on Power Transformers 
(See Figure 4) 
—— =< -_ EE 
Connections 
ee 
Test Meter Test To 
Number Reading To Ground an 
Se 
: av eh War Wins Hiyandeieeeaaeene In and Ls 
Rove stepsiskoqe stele al NAT eee eee Hy end ls ine srecaveremin oe ee ELE: 
Biscie estar eee Wy. Wa one Ei@and) ohare cee Hi and HA; pag 
t ee en Dina tlaete colnet: Ii and Ly 
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successfully used to segregate winding 
ag from those in bushings. The pro- 
cedure we have used is as follows: Re- 
ferring to figure 4A, which represents a 
typical transformer, test voltage is ap- 
plied simultaneously to the high voltage 
terminals H; and Hp, one terminal only of 
the low-voltage winding being grounded. 
_Asecond test is now made with voltage on 
_,, and H; connected to shield, other con- 
nections remaining the same. The third 
test is a repeat of test number two, with 
connections H, and Hy reversed. The 
first test shows the over-all insulation 
condition of the transformer; the second 
and third tests (called cross checks) give, 
by comparison, the condition of each 
bushing. These three tests are outlined 
in table I. Where serious faults are in- 
dicated the bushings are separated from 
the winding and all tested separately. 
The insulation of the low voltage coil to 
ground is not tested as practical consid- 
erations have not yet indicated this is 
necessary. 

In testing power transformers the loss 
in secondary winding insulation to ground 
must be measured and all winding losses 
evaluated. This has been done by the 
four tests outlined in table II. By proper 
combination of measured values the losses 
in, and power factor of, all three insulation 
paths can be obtained. The determina- 
tion of the condition of the bushing in- 
sulation is not quite as simple here as 
with the instrument transformer on ac- 
count of the relatively higher loss in the 
high-capacitance transformer windings. 
Several methods are available and have 
been used for determining the condition 
of the bushing alone without disconnect- 
ing it from the winding. 

First, a comparison of the relative 
power factors of high, low, and inter- 


winding insulation which shows ab- 
normally high loss insulation to ground 
usually indicates one or more faulty 
bushings connected to high-loss winding. 
Second, if the bushing is of the draw- 
lead type, the lead can be lowered inside 
the transformer tank by means of an in- 
sulating rod, and the bushing tested 
separately. A third method (hot-collar 
test) described below has also been suc- 
cessfully applied as an individual bushing 
test in some cases. 


Hor-Co.iar Busuinc Trst 


This test, which has recently come into 
use, is applied to bushings only, and con- 
sists of grounding the normally “hot” 
terminal of the bushing and applying the 
10-kv test potential successively along 
the bushing at recesses between porcelain 
corrugations, and measuring the watts 
loss. Contact with the porcelain is made 
either through tinfoil wrapped around the 
entire porcelain circumference, or through 
a circular flat spring clamp which clips 
between the porcelain watersheds. This 
clip is energized on test, hence the name 
hot collar. 

By this test a considerable number of 
faulty bushings have been detected, which 
upon examination were found to have 
such faults as cracks in the porcelain, 
porous porcelain, water (as much as a one- 
half cupful) inside the bushing at the top, 
and distributed moisture in the interior 
of the bushing. The test has always 
shown faults detected by the power fac- 
tor test, and also faults such as the above, 
some of which the power factor test had 
not picked out. 


SoLip INSULATION 


Solid insulation such as wooden switch 
sticks, hot line sticks, and fibrous insula- 


Table Ill. Basic Rating for Insulation Quality From Power-Factor Field Tests 
(Corrected to 20 Degrees Centigrade) 
By Per Cent Power Factor 
Apparatus Type Good (G) Deteriorated (D) Remove (R) Remarks 
ene S einen .c 2 s,s eei Comp. filled.........Below 4.0....4.0 to 6.......Above 6 ; ; 
aia Oil filled Perea ted tee Below 3.5....3.5 to 5.......Above 5... ..Fibrous barrier 
Oil filed Saas eee Below 4.0....4.0 to 6....... Above 6...... Porcelain barrier 
Condensersy 2% 2.5 er0% Below sib... 028.0 tO. 6........ Above bi... . l-piece porcelain 
Condenset 2 cia 1-155) Belowis-D... 2000 tO Guna5.. ... Above 6...... Multi. shed 
Semicond...........Below 4.0....4.0 to7.. .. Above 7......Also bulk type 
arene -eSot onee Oe en ein A rea Below 3.5....3.6 to 6.......Above6...... With bushings 
si CPE octane coe vee Below o.p. 2028-0) CO) (sccse A DOVE LT vs vias 6 Winding only 
Power and P. T..... Below 3.5....3.5 to 5.......Above 5 
By Watts Loss 
iaivenit 
“Shela Haeicd sieate a hais MiastGaeega ate sieie due.cick Below 0'2..-0:2 0:0:5..-.. Above 0.5....Loss in tank 
S SiKavmiasters ere wieiets! ste Below 0.15..0.15 to 0.3..... Above 0.3....Loss in tank 
Herkolite cylinder....3-inch............-- Below 0.1...0.1 to0.5..... Above 0.5.... Between bands 
i Sri. adosmoneoud Below 0.1...0.1 to0.5..... Above 0.5.... Between bands 
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tion such as insulating cylinders in bush- 
ings are being tested regularly by the 
power-factor test set. The standard test 
used is 10 kv between tinfoil or other 
metallic wrapping placed at three-inch 
intervals along the stick or cylinder, and 


Figure 4. 


Insulation diagram of transformer 


A—Typical transformer 

B—Equivelent insulation diagram 

HT—High-voltage side 

LT—Low-voltage side 

H, and H,—High-voltage bushings and losses 

Li and Lz—Low-voltage bushings and losses 

Wy—Watts loss, high-voltage insulation to 
ground 

W,—Watts loss, low-voltage insulation to 
ground 

W,p—Watts loss, insulation between high- 

voltage and low-voltage 
X—Watts loss, War + Wy’, where prime (’) 
equals the loss with one end of high-voltage 
grounded 


insulation rating based on watts loss. 
While the technical justification why 
such a test is sound, is not at first clear, 
involving as it does creepage paths along 
the stressed surface of the insulation as 
well as the direct insulation path through 
it, it is a fact, however, that it is a prac- 
tical and effective method of locating in- 
sulation defects in wood members and 
fibrous insulation. 


ALLOCATION OF TROUBLE 


Tests of this type are extremely helpful 
in definitely locating trouble, determining 
the cause, and applying corrective 
measures, once a piece of equipment such 
as a bushing or transformer has been 
found defective. The mere knowledge 
obtained by a test that shows equipment 
is faulty without allocating the trouble 
is only one step in maintaining electrical 
equipment in good operating condition. 
The tracing of the trouble to its source is 
just as important as finding a faulty 
piece of equipment, for the type and 
location of the trouble determines the 
nature of servicing required, even at 
times to the desirability of scrapping 
parts of or the entire equipment. This 
insight into insulation, the power-factor 


TRANSACTIONS 591 


Table V. Power TransiomarBushing Faults Segregated as to Type; Summary of Four Years of 


8 
Field Testing 
(January 1934 to October 1937) 
Average—3 Tests 
f Defective Remove 
5 Type of Pecan Per Cent Per Cent 
= Bushing* Test Tested Number PerCent Number Per Cent D R 
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OIL TEMPERATURE —C 
Figure 5. Power factor versus temperature 


correction curve for transformer winding (from 
field tests) 


test set, with its direct readings of current 
and watts has been able to do with a high 
degree of certainty. 


V. Classification of Faults 
From the time the insulation in a piece 
of equipment leaves the factory in good 


condition until the end of its useful life 
(usually a period of years) it undergoes 


‘ 


* Types of bushings refer to different basic principles of bushing design. 


deterioration to a degree dependent on 
many factors such as duty in service, the 
elements, field servicing procedure, and 
faulty design. In the field testing of such 
insulation, by the methods described 
above, one of the immediate objectives is 
to determine, if possible, when the de- 
terioration has become serious enough 
to warrant attention. The fault may be 
just starting and not serious but can be 
economically cured without allowing it 
to develop into a service failure. Again 
it may be so serious that immediate at- 


Table IV. Bushing Faults; Summary of 51/9 Years of Field Testing 


(May 1932 to October 1937) . 


— = = 


Defective Remove 
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A. Power-Transformer Bushings (All kv ratings) 
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tention or even prompt removal from 
service is necessary. 

Following this line of reasoning we have 
set up three classes of insulation as deter- 
mined from test results. These are: 


1. Good (G). 


2. Deteriorated (D). Not as good as 
new but not requiring special servicing 
until the next periodic test is made to check 
its condition. 


3. Remove (R). Remove from service 
and recondition or scrap as conditions 
warrant. 


No attention required. 


Conforming to this procedure for rating 
insulation we have set up for use in our 
company ‘“‘the basic rating for insulation 
quality’’ (table III) for the different 
types of equipment tested. Power-factor 
limits are given in the upper part of the 
table and watt-loss values in the lower 
part. In general, the power factor of 
good (G) insulation is shown 3.5 to 4% 
or less; deteriorated (D) insulation 3.5 
to seven per cent; and remove (R) in- 
sulation above five to seven per cent. 

Similarly, by the watts loss check the 
corresponding values range as follows: 
(G) 0.1 to 0.2 watt; (D) 0.1 to 0.5 watt; 
and (R) above 0.3 to 0.5 watt, again 
depending on the type of equipment 
tested. 

As the power factor of insulation 
changes considerably with temperature 
the above power factor values are cor- 
rected to 20 degrees centigrade. A typi- 
cal temperature power-factor correction 
curve for transformer insulation is shown 
in figure 5. The shaded area represents 
D insulation at various temperatures, 
which permits of ready allocation of in- 
sulation-test results obtained in the field. 
This set of curves was obtained from a 
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Table VI. Power-Transformer-Bushing Faults Segregated as to Voltage Rating; Summary of 


Four Years of Field Testing 


QVanuary 1934 to October 1937) 


Average for 3 Tests 
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number of tests on actual transformers in 
service tested at several different oil 
temperatures, and represents the envelope 
of power factors of transformers rated 
(D). 

In applying in the field the basic in- 
sulation ratings given in table III, con- 
siderable latitude is given the field-test 
engineer in assigning ratings where un- 
usual or climatic conditions warrant. 
Important equipment, or comparatively 
wide variation in test values between 
similar pieces of equipment cause him, in 
some cases, to lower the limits given in 
the table. Again moist weather condi- 
tions and the like will sometimes cause 
him to boost the tabulated values 
slightly. Since the test engineer has 
been specially trained for this work, and 
is thoroughly acquainted with the prob- 
lem, we believe the latitude permitted 
him in applying ratings is more than 
justified, and is far better than hewing 
close to an inflexible set of limits. Ac- 
tual experience has borne out this policy. 


VI. Test Results 


The field test results summarized and 
discussed below include some 51/2 years 
of testing oil circuit breakers and four 
years of testing on transformers. Most 
of the breakers have had three periodic 
tests and some four tests; the instrument 
transformers two such tests, and the 
third is now being made; and the power 
transformers have had one test, some 
two, and a few three tests. In the follow- 
ing tables the designation “‘first,”” “‘sec- 
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ond,” and ‘‘third’’ test refer to the above 
periodic routine tests. For purposes of 
clarity the data have been generally 
segregated into and discussed under 
three groups: bushings, transformer 
windings, and internal faults for oil cir- 
cuit breakers. 


BUSHING FAULTS 


The summary of faults found in making 
over 45,000 individual tests on bushings 
is given in table IV. Bushings in power 
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Figure 6. Bushing failures versus lightning 
frequency, 1932-37 


transformers average, for the three 
periodic tests, 3.2 per cent rated for re- 
moval (R); in instrument transformers 
3.9 per cent; in oil circuit breakers (for 
four tests) 2.1 per cent; and in spare 
bushings 8.8 per cent. Bushings rated 
defective (D), but not sufficiently bad to 
be removed from service average for the 
same conditions and locations 3.1 per 
cent, 3.4 per cent, 4.7 per cent, and 10.6 
per cent, respectively. One point of 
interest in the foregoing figures is the 
fact that (D) and (R) faults are roughly 
of the same order of magnitude except 
for oil-circuit-breaker bushings where the 
(D) faults are slightly over twice the 


Table VII. Power-Transformer-Winding Faults Segregated as to Kilovolts Rating; Summary of 
Four Years of Field Testing 
(January 1934 to October 1937) 
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(R’s). It is suggested that this higher 
ratio of (D) to (R) faults in oil circuit 
breakers may be due to slight deposits of 
carbon at the bottom end of breaker 
bushings as a result of arc interruption, 
and that usually the bushing is freed of 
the fault in normal breaker maintenance 
before the fault develops to an (R) con- 
dition. 

Another point of interest shown in 
table IV is that total faults, both (D) and 
(R), do not progressively increase or de- 
crease in any of the bushing groups from 
the first test period to the second, third, 
or fourth test. This clearly indicates 
that bushing deterioration is gradually 
taking place, and that removal of faulty 
bushing during one test period does not 
preclude bushing faults developing before 
the next test period some 11/2 years or so 
later. In fact bushings rated (R) on the 
second, third, and fourth tests have often 
been found (G) or good on the previous 
test; all (R) bushings have not progressed 
from a previously found (D) fault. 

The high percentage of faulty bushings 
in the spare group is due to two causes: 
first, the fact that some bushings known 
to be faulty and ready for the process of 
reservicing were included in this group; 
and second, normal storage methods 
generally used for spare bushings is not 
particularly helpful in retaining such 
bushings in first class conditions. 

A further analysis of power transformer 
bushing faults according to bushing type 
is given in table V. The data represent 
some 13,000 tests on bushings. The (D) 
conditions range from 0.8 per cent to 
8.7 per cent and the (XR) faults from 0.9 
per cent to 5.5 per cent on the average 
for all three periodic tests. Here again 
no well-defined tendency is shown for the 
faults to decrease, stay constant, or in- 


O TOTAL NUMBER TESTED 
x IN SERVICE PER CENT 
© SPARES PER CENT 


PER CENT AND NUMBER 


13.2 132 


22 33 44 66 88 
SYSTEM KILOVOLTS (RMS PHASE TO PHASE) 
Figure 7. Effect of transformer kilovolts on 
power-transformer-winding faults (R) conser- 


vator and nonconservator type; 110 banks 
(440 transformers) 
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Table VIII. Internal Faults in Equipment 
(May 1932 to October 1937) 


Number of Defective 


Average for 3 Tests 
Remove 
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* Multiply by three to obtain number of tanks. 


crease with each successive test, in any 
particular type of bushing. It should be 
definitely pointed out that the data pre- 
sented in this table should not be con- 
strued or interpreted as a quality index of 
bushings manufactured today. It does 
indicate, however, the frequency and 
severity of faults on all bushings as a 
group on the system involved, and shows 
clearly where maintenance work should 
be concentrated to reduce bushing fail- 
ures. 

The power-transformer-bushing faults 
have further been segregated as to volt- 
age class in table VI. The high-voltage 
132-kv bushings show the lowest per- 
centage of faults, the 66-kv and 13.2-kv 
class next lowest and the medium-voltage 
group the highest. The rather high 
percentage of faults shown for 88-kv bush- 
ings is due largely to the fact that most 
of these bushings are of old and obsolete 
designs. 


BUSHING FAILURES 


It is unfortunate that accurate records 
are not available to show the decrease in 
bushing failures over the system before 
and after the test program was adopted. 
However, from the rather scattered rec- 
ords available from 1932 to 1937, it is 
interesting to note how closely the fre- 
quency of bushing failure and lightning 
storms coincide throughout the year. 
Such a correlation is shown in figure 6. 
Except for the first three months of the 
year failures and storms practically in- 
crease and decrease together. The rela- 
tively high rate of bushing failures in the 
first three months has been attributed to 
weather conditions wherein maximum 
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temperature changes exist, frequently as- 
sociated with the presence of moisture 
which is an ideal combination of cir- 
cumstances to open up weak bushing 
gaskets and permit the entrance of mois- 
ture into the bushing. In fact the major 
number of bushing failures appear to re- 
sult from the presence of moisture within 
the bushing. 


INTERNAL AND WINDING FAULTS 


Faults found in windings in some 2,000 
tests of power transformers are shown in 
summary form in table VII. The faulty 
conditions have been grouped under 
transformer voltage rating and further 
broken down to show the trend of faults 
from one test period to the next. Like 
the transformer bushings, the winding 
faults are lowest in the high-voltage wind- 
ings, lower but still high in the low- 
voltage class, and highest in the medium- 
voltage ratings. While the (R) faults are 
in the same general order as bushings, it 
should be noted the (D) faults are much 
higher, ranging from 4.5 to 22.0 per cent. 
Again, there is no characteristic trend to 
prevent the occurrence of faults in other 
transformers of the group from one test 
period to another, although the faulty 
conditions found have been removed 
prior to the next test. 

Internal faults in instrument trans- 
formers and in oil-circuit-breaker tanks 
are shown in table VIII, together with a | 
condensed summary of power transformer 
winding faults given in more detail in 
table VII. One important fact, which 
correlates with the failure operating rec- 
ord, is the high percentage of (R) and 
(D) faults shown in instrument trans- 
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ormer windings, namely 7.8 and 35.0 
per cent average for three tests. 
Faults in oil circuit breakers show low 
(R) conditions and fairly high (D) per- 
ntages. This may be explained in 
part, at least, by the more frequent serv- 
icing of oil circuit breakers than trans- 
formers. Although the (D) faults are 
high they are apparently removed by 
sufficiently frequent periodic servicing 
before they develop into (R) faults. 


TRANSFORMERS IN SERVICE AND SPARES 


An analysis of power-transformer- 
winding faults on the basis of transformer 
voltage and age is shown in figures 7 and 
8. These data were taken from con- 
servator and free-breathing single-phase 
transformers operated in banks of three 
units with one spare. So long as the 
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Figure 8. Effect of transformer age on power- 

transformer-winding faults (R) conservator and 

nonconservator type; 110 banks (440 trans- 
formers) 


transformers are in service both types in- 
dicate relatively few (R) conditions ir- 
respective of voltage rating; but the (R) 
conditions slowly increase with trans- 
former age. 

In the spare units, however, a high per- 
centage of (R) conditions is indicated in 
the 13.2-kv class which drops abruptly 
in the 22-kv class and then slowly de- 


creases as the voltage increases. On the 
basis of age, the spare units show a large 
increase in percentage of (R) faults after 
some six years, showing some 25 to 50 
per cent faulty units in the age range from 
15 to 20 years. Most of these spare units 
have from the start been held as spares 
and only put in service as occasion re- 
quired, 


FAULTY GASKETS 


Faulty and deteriorated gaskets have 
generally been recognized as one of the 
major sources of bushing troubles. Some 
information has been collected in the field 
on this gasket problem along with the 
power-factor test work and is presented 
here. 

Figure 9 shows the condition of some 
376 bushing gaskets physically inspected 
in the field on compound filled bushings. 
These have been rated (G), (D), and (R) 
with the same understanding as to termi- 
nology as applied to bushing faults. It 
will be noted that after some five years, 
the gaskets begin to grow faulty at an 
alarming rate. At the end of some 15 
years, 60 per cent of the gaskets are in an 
(R) condition and 30 per cent in a (D) 
condition. Such a record as this leads us 
to believe that the older type of cork, at 
least, should not be depended upon in 
compound filled bushings much longer 
than five to seven years at the most. 


Summary of Power-Factor 
Tests on Oil Circuit Breakers 
and Transformers 


A composite summary of oil circuit 
breakers and transformers tested and the 
average number of faults found during the 
51/2 years of testing is given in table IX. 
Several interesting points are brought 
out in the tabulation: First it is shown 
that there are 1.52 times as many faulty 
(R) conditions in power-transformer bush- 
ings as in oil-circuit-breaker bushings, 


Table IX. Summary of All Equipment Power-Factor Tested 
(May 1932 to October 1937) 


== 


Defective Remove 
Number of 
Equipment Tested Tests Number Per Cent Number Per Cent 
Oil Circuit Breakers...........-----> 3,950 
EP 198 is eehoyetes siie) o]/= wyeuelalel-el csr sia ce esis © DY SOO ce a ciecan.= LOO easels Osa: Bein Fis kate LOO Sree ue sele 1.6 
Bushings. ......--.-esseeeceeess PB eg Liken ose LOO Te atel a taoh.a CW ee Ineo BOB Se rete soc 2.1 
Power Transformers.........---+----- 3,144 
Windings*,.... 2.2 ccc cseecce eee BS LAa neh ea BOS Psi. atest NGOs anata DSi iaiarzsece es 3.1 
Bushings... ......ssssecceceress AD O74 cm sutan toe AOGeeatet ae BN oy ce srom cut c ALB OG cesta 3.2 
Spares in storage**.........----- CS PAReGar t 2B yet vave « BOSD science Sa iiwemateate 20.0 
Instrument Transformers.........---- 3,192 
Windings*..........-.-++seeee:> By PA magdtioe yes No Use oe esrnechc SA, S diate sisters PLY See NTO q7 
Bushingss...-cs+-ccce+s+ se enes Bo Olemaes <a: VST eatery AK 5 OOO PAM a7 5 ero 3.9 
Spares in storage**........------ DED aiefeis'e ees OM teteroiatels DL Ola rore ehetsnsyare AS ates whey sie 19.8 


* All windings of a transformer classed as one winding. 


** Rating based on over-all condition—winding and bushings. 
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Figure 9. Faulty cork gaskets in compound- 
filled bushings found by physical inspection; 
376 gaskets inspected 


and second, instrument-transformer bush- 
ings have 1.84 times as many similar 
faults. The (D) faults are shown, on the 
same basis, as 0.66 and 0.72 times those 
in oil circuit breakers, respectively. 

An analysis of internal faults (R) shows 
ratios of 1.95 and 4.8 for power-transfor- 
mer and instrument-transformer wind- 
ings, respectively, compared with oil- 
circuit-breaker-tank faults. The cor- 
responding ratios for (D) faults are 2.6 
and 5.6. A study of this table IX indi- 
cates clearly where the highest per- 
centage of faults exist. 


FAULT DISTRIBUTION BY COMPANIES 


As the data of fault conditions of in- 
sulation presented above were obtained 
from six different companies, operating in 
different sections of the country, under 
different climating conditions, and vari- 
ous requirements, the question may well 
be asked: ‘‘How do the fault conditions 
compare between the different com- 
panies?” A comparison of results on 
this basis is given in table X. Of the 
some 60,000 tests reported above, the 
(D) faults ranged from 3.0 to 8.3 per 
cent, averaging 6.7 per cent; and the (R) 
faults ranged from 0.8 to 3.5 per cent, 
averaging 2.8 per cent. 

It is therefore evident that faulty in- 
sulation conditions, both (D) and (R) 
faults run in the same general order in all 
six companies except company (F). 
In this one case it is known that new 
equipment and a large concentration of 
the tested equipment in power stations, 
where maintenance is inherently closely 
watched, seems to account for the lower 
fault record. 
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Table X. Summary of Power-Factor Tests in All Companies 
(Including Oil Circuit Breakers, Transformers, and Bushings) 
. (May 1932 to October 1937) 


Company A B 


Total Tests—bushings, oil 


circuit breakers, tanks 

and transformers........ 18,911 ... 6,347 
Number of equipment: 

Rated! Divert sensiere sel sis 1,580 508 

Per cent rated D......,.. Bis crete US oe 
Number of equipment: 

Pa bed elwarcnietacrerprevererererel 613 155 

Per cent rated R......... 3.2 2.4... 
Number of equipment: 

AteduGmepum esis verter eles 16,718 ... 5,684 

Per cent rated G.......... 88.5... 89.6... 


Equipment found good (G) ranged from 
89.0 to 96.2 per cent with an average for 
all six companies of 90.5 per cent. 


VIII. Summary and Conclusions 


From the data presented above, and 
other related testing work carried on in 
the field during the past six years, the 
following conclusions appear justified: 


1. The power-factor test method of deter- 
mining the insulation quality of high-voltage 
equipment in the field has proved a most 
useful and practical tool in permitting a 
higher grade of apparatus maintenance and 
in reducing service failure of such equip- 
ment. 


2. The type of power-factor test set which 
has been used has proved an accurate, 
rugged, and reliable instrument in use. 
The particular features of this set which 
permit of direct reading of current and 
watts loss have been particularly helpful 
in locating faults in equipment shown 
defective by the over-all power factor deter- 
mination. 


3. It is considered highly desirable, for 
best results, that the test set be placed in 
the hands of a thoroughly trained experi- 
enced test man who is familiar with the 
insulation problem, and one who has con- 
siderable knowledge of equipment design, 
maintenance and operation. 


4. Insulation faults develop in all types 
of equipment such as bushings, transform- 
ers, wood insulation, and oil regardless of 
equipment design as it exists today. These 
faults may develop critically within test 
period intervals of 18 months to two years, 
as shown by the experience cited above, 
and appear, in a few cases, to develop to a 
lesser degree in a shorter period of time. 
Periodic testing, therefore, is necessary if 
a high standard of insulation is to be main- 
tained. 


5. Critical insulation faults found on 
successive tests are not always develop- 
ments of (D) conditions found on the pre- 
vious test; they often appear in equipment 
that previously tested good (G). 


6. Faulty insulation is less frequent in new 
equipment, but may be expected to develop 
to a degree warranting some concern within 
a period not longer than some five years, 
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2,925 8,618 ...19,829 . 3,685 ...60,315 

173... 694 976 110 . 4,041 
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after which constant periodic checking, or 
testing, seems desirable if critical faults are 
to be minimized. 


7. Most faulty equipment so far found can 
be reconditioned with a reasonable amount 
of labor and expense, and many costly 
failures thus avoided, if prompt attention 
is given to (R) faults. 


8. The classification of insulation faults on 
a power factor and/or watts loss basis as 
given in table III above, and servicing them 
on this basis has proved a reasonable and 
practical method of greatly reducing service 
failures on the equipment tested. 


9. Insulation faults requiring prompt at- 
tention, which develop under service con- 
ditions in oil circuit breakers and trans- 
formers, as found by our experience, range, 
on the average over several years, as follows: 
Oil circuit breakers, in- 

cluding bushings...... 1.6 to 2.1 per cent 
Power - transformer 

windings, including 

DOES, ceeoenodobac 3.1 to 3.2 per cent 
Instrument transformer 

windings, including 

bushings war eer nacer 3.9 to 7.7 per cent 
Bushings in the above 

threeiitems: 2... 12.54. 2.1 to 3.9 per cent 


10. The economic value of this test work 
in system maintenance is unquestionable, 
although it is difficult to express the savings 
effected in money value done. 
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Discussion 


H. L. Cole (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Gross has made a valuable contribution 
to the art of power-factor testing in pre- 
senting the large amount of data given in 
the paper. This is particularly true with 
respect to tests on terminal bushings. The 
value of power-factor testing of bushings 
is well established. 

In connection with the table of “basic 
rating for insulation quality,” it is noted 
that a correction is made to bring the meas- 
ured values to an equivalent 20-degree-~ 
centigrade figure. It is thus recognized 
that temperature plays an important part 
in the rating of the insulation. 

For several years we have recommended 
lower power-factor limits for bushings 
operating in hot oil, as on power and dis- 
tribution transformers. For instrument 
transformers and breakers, somewhat higher 
limits are safe. I believe that a basic rating 
should make a distinction between bush- 
ings operating in hot oil and those in oil at 
ambient temperature. 


L. Wetherill (General Electric Company, 
Pittsfield, Mass.): This paper brings out 
the advantages of having power-factor 
tests made by men who are well qualified to 
exercise judgment in the interpretation of 
data obtained in the field, making it pos- 
sible to take immediate action and avoiding 
the necessity for rigid adherence to a system 
of arbitrary limits. We believe that the ac- 
ceptance of this viewpoint is one of the 
reasons why satisfactory results have been 
obtained from field power-factor tests on 
bushings, and doubtless it will prove even 
more beneficial in connection with other 
types of apparatus in which the designs are 
less standardized. 

A question is raised regarding the theo- 
retical justification for power-factor tests 
made on fibrous materials, such as insulat- 
ing cylinders, between electrodes placed 
three inches apart on the outside surface. 
Our experience has been that measurements 
of this nature offer a particularly sensitive 
method of detecting the presence of mois- 
ture. It would seem that a very small trace 
of moisture present in fibrous or laminated 
materials tends to produce a marked 
change in electrical loss characteristics when 
the stress is applied parallel to the lamina- 
tions. If we were dealing with large 
masses of insulation it would be found that 
the power-factor measurement obtained 
with the voltage applied parallel to the 
laminations would be the most sensitive 
method of detecting small traces of mois- 
ture. In materials such as cylinders, it 
is rather difficult to make a power-factor 
test in which the stress is entirely parallel to 
the laminations, since a test between the 
ends of a cylinder would permit the stray 
capacitance to mask the power factor of the 
cylinder. The method of test used by Mr. 
Gross, namely, the application of voltage’ 
between the electrodes placed three inches 
apart on the outside of the cylinder, ap- 
Pears to be the most practical method of 
making a test in which the stress is applied 
principally parallel to the laminations, It 
would seem, therefore, that there is ade- 
quate theoretical justification for the use of 
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this test in addition to the support which 
has been afforded by practical experi- 
ence, 

The curves of figure 6 showing the cor- 
relation between failures and lightning 


_ storms is quite interesting, but the dis- 


agreement of the two curves during the 
early part of the year suggests that it might 
be well to examine the correlation between 
failures and humidity or precipitation. We 
have known for some time that moisture 
and lightning were the chief causes of fail- 
ure, but the curves of figure 6 seem to sug- 
gest that both factors in combination are 
involved in the majority of cases. 

Mr. Gross states that the data in his 
paper are not representative of the bushings 
which are now being manufactured. A 
lapse of five to seven years is required 
before field-test data and experience ob- 
tained on a given design begin to acquire 
great significance. I believe, however, that 
evidence obtained from developmental 
tests gives us excellent reason for believing 
that bushings as now manufactured, will in 
most cases be found markedly superior to 
those which were manufactured in past 
years before the present extensive body of 
field experience was accumulated. 


L. B. Chubbuck (Canadian Westinghouse 
Company, Hamilton, Ont.): Our company 
apply routine power-factor tests to all new 
high-voltage bushings and have carried out 
extensive field power-factor tests across 
Canada. We fully agree with Mr. Gross as 
to the value of field testing, and have found 
may cases of apparatus showing poor power 
factor that after cleaning or other minor 
repairs returned to good operating condition. 

During this discussion the point was 
raised as to whether power-factor tests on 
high-voltage apparatus should not be made 
at operating voltage, rather than at ap- 
proximately 10,000 volts. We have 
equipped a power-factor bridge with an ex- 
ternal condenser of 150 micromicrofarads 
designed for 100 kv at atmospheric pres- 
sure, and up to 187 kv with increased pres- 
sure. Due to ionization losses we find power 
factors obtained with the high-voltage 
bridge usually run considerably higher than 
with the standard bridge. 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): In making use of 
field power-factor data obtained on trans- 
formers Mr. Gross is exploring a field in 
which the complexity and difficulties will 
undoubtedly be considerably greater and 
more numerous than those which were en- 
countered when the use of field power-factor 
measurements on bushings and circuit 
breakers was being developed. The greater 
variety of types and designs of transformers 
will necessarily make the interpretation of 
the data a task which will call for a high 
degree of judgment, and it appears that Mr. 
Gross is making the right approach in this 
matter. 

It would appear that the usefulness of 
field power-factor measurements on trans- 
formers can only be established by the 
creation of a considerable quantity of 
operating experiences and test data judi- 
ciously interpreted. The information given 
in this paper should prove significant and 
suggestive, both to operators and to manu- 
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facturers. We would like to raise a number 
of additional questions which Mr. Gross 
may be in a position to answer. 

1. In tables VII, VIII, and IX data are 
shown regarding the number (or percent- 
age) of power-transformer windings which 
were deemed to be in a condition requiring 
removal from service. It would be desirable 
to know whether or not subsequent examina- 
tion verified the presence of definitely un- 
desirable conditions in approximately all 
of these cases or if there was an appreciable 
number of cases in which subsequent ex- 
amination disclosed no defect. 

2. In cases where definite defects in 
transformers windings were found after 
removal from service, is it possible to indi- 
cate the approximate proportion of cases of 
undesirable conditions falling into the 
following classes? 


A. Presence of water in insulating oil. 
Presence of water in solid insulating materials. 
Deterioration of oil. 


Deterioration of solid insulating materials. 


bo b 


Failure or breakdown. 


3. Were there any other major causes of 
defects not covered by the previous ques- 
tion? 

4. In the case of transformers removed 
from service, was it found possible to carry 
out a reconditioning permitting them to be 
restored to operation, and if so, what type of 
reconditioning was used? 

5. In how many cases were repairs 
necessary other than reconditioning men- 
tioned in (4)? 

6. Table IX indicates a higher per- 
centage of transformers for which removal 
was recommended under spares than under 
active units. Were the types of unsatis- 
factory conditions found in the spare units 
essentially the same as those found in the 
active units, or was there a greater pre- 
ponderance of a different type of unsatis- 
factory condition in the spare units as com- 
pared with the active units? Were spares 
modern transformers or old transformers? 

It is, of course, well known that high 
power factor does not always mean low di- 
electric strength of insulating materials. 
For any given material or configuration 
there are, however, normal power-factor 
characteristics, and any wide deviation from 
these normal characteristics is indicative of 
some physical change which usually deserves 
investigation, and quite possibly correction. 
Increases in power factor may be caused by 
chemical contamination, oxidation of oil, or 
by absorption of moisture. For many types 
of apparatus it would appear that operating 
experience has shown that appreciable in- 
creases in power factor are usually related 
to the third of the three causes listed above. 
This would appear to be a sound justifica- 
tion for the use of field power-factor testing, 
when, as recommended by Mr. Gross, 
adequate judgment is exercised in interpre- 
tation of the data. 

It would be interesting to know if Mr. 
Gross during his investigation has had an 
opportunity to obtain any relative power 
factors on a given transformer or trans- 
formers. Our experience in measuring in- 
sulation resistance of transformer windings 
leads us to believe that, when working with 
insulation structures having such a variety 
of configurations, relative power factors may 
be more valuable than actual values. 
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We are in sympathy with any method 
which aids in detecting incipient faults in 
transformers. At the present time power 
factor measurement appears to give promise, 
although it will need to be developed with 
considerable care in order to avoid the pos- 
sibility of drawing false inferences by com- 
parison of readings obtained on units of 
different design and characteristics, 


Harold Goodwin, Jr. (Wyncote, Pa.): The 
paper is very valuable in making known the 
results of a large number of tests on par- 
ticular types of insulation by a particular 
method. The factors obtained can be used 
in further practical applications of the 
method. But the mere presentation of the 
results raises in the mind the questions: 
“Why?” ‘How does the current flow to 
give the results indicated by the instru- 
ments?’”’ The oral discussion and the con- 
tributions by some specialists on cable also 
indicated these questions. The cable 
specialists might join in the search very 
diligently as they may get some help for 
their problems from the solution of the bush- 
ing problem, just as I hope the bushing 
specialists may get some help from the 
telephone engineers, as I shall point out 
below. 

Compound-filled bushings which have 
failed in service or which have tested de- 
fective and been removed and tested to de- 
struction have, from my _ observation, 
generally indicated one basic type of failure: 
the compound has tended to separate from 
the porcelain rain shield, leaving a fissure 
that is likely to be somewhat conducting due 
to dampness or carbonization. But until 
final failure is closely approached there is 
not a complete path from one pole to the 
other. There is rarely a direct short path 
at the point of maximum stress or elsewhere. 
If this is so: what causes the increase in 
watts loss and power factor in the bushing 
with the incipient defect? 

A theory developed by the writer in 1930 
to explain the observed results was, very 
briefly, this: The moist fissure between 
the compound and the porcelain acts as the 
plate of a condenser with the conductor the 
other plate. Therefore the bushing draws 
more current than a good bushing. But 
why has the power factor also increased? 
This is due to the resistance of the condenser 
plate itself, the moist fissure. The energy 
is not then lost throughout the bushing in- 
sulation but only in the fissure. The current 
flowing to the far part of the fissure must 
flow through the resistance of the near part 
of the fissure connecting it to a terminal. 

The probability of the correctness of this 
theory was shortly confirmed by the pres- 
entation to the Institute of a paper on tele- 
phone insulators showing exact studies of 
a similar phenomenon. This paper by 
L. T. Wilson of the American Telephone and 
Telegraph Company is entitled: ‘A Study 
of Telephone Line Insulators,” and can be 
found on page 1536 et sec. of the TRANSAC- 
TIONS for 1930. The paper should be 
studied by anyone interested in this sub- 
ject. I shall not try to review it here but 
want to point out that the loss here con- 
sidered is just one of seven discussed in this 
paper, and—this is most interesting—some 
of the other losses seem to have a close re- 
semblance to losses that are occurring in oil- 
filled bushings and which cannot be ac- 
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counted for by the theory set forth above. 
This telephone-insulator paper is also recom- 
mended to the cable specialists as similar 
theory may be helpful in explaining some 
things that are now rather obscure. 

A most interesting thing about the theory 
set out above and the further results of the 
telephone insulator study is the indication 
that the power-factor method detects a 
failure or defect by observation of factors 
that are incidental to the development of the 
final fault rather than by measurement of 
the degree of final failure which may yet 
be almost infinitesimal. In cases where 
this is so, it is logical to conclude that the 
apparatus may be much more safely re- 
conditioned without reinsulation than if the 
final fault had proceeded to measurable 
proportions. 

Since no exact work, similar to that on the 
telephone insulators, has to my knowledge 
been done on the subjects of this paper, 
bushings and transformer windings, I shall 
not go to further length to expound this 
theory, but present it for those particularly 
interested to take up, test and present to us 
in complete and verified form. 


G. B. Tebo (Hydro-Electric Power Com- 
mission of Ontario, Toronto, Ont., Canada): 
Mr. Gross has added materially to the 
already extensive records of power-factor 
tests on insulation, and has reached con- 
clusions similar to those previously re- 
ported. The grand total of 60,000 tests 
appears to lend some weight to these con- 
clusions but the absence of any data to 
show reduction in failures due to power- 
factor tests is rather disappointing. 

There still appears a need for more critical 
discussion of the significance of power factor 
in rating the serviceability of an insulation. 
It can be shown that a bushing may be on 
the verge of failure without appreciable 
increase in energy loss or power factor; also 
that a substantial increase in power factor 
can be obtained without any increased 
hazard. In table III Mr. Gross recommends 
removal of any bushing having more than 
0.5 watt loss at 10 kv. It is evident that a 
loss of 0.5 watt, per se, is not hazardous in a 
bushing weighing several hundred pounds. 
Some distinction should be made between 
energy losses uniformly distributed through- 
out a bushing, and those which cause serious 
disturbance in potential gradient and conse- 
quent overstress on the remaining good in- 
sulation. 

The “‘hot collar” test referred to, was used 
by the writer in 1936, and as Mr. Gross 
points out, it is distinctly superior to the 
over-all power-factor test. Such faults as 
cracked and porous porcelains, entrapped 
water, etc., may be located by a “‘step-by- 
step” test but may not affect the over-all 
power factor appreciably. 

The advantages claimed for the ‘‘hot col- 
lar” test are still restricted by the low test 
voltage (10 kv), the complex testing equip- 
ment and the necessity for interruptions on 
all equipment tested. Mr. Gross stresses 
the need for employing specialists in power- 
factor testing and interpretation of results. 
Such requirements may be related to the 
complexity of the testing technique. 

The potential-gradient test (described in 
Electrical World, May 8, 1937) was de- 
veloped to utilize the advantages of a step- 
by-step procedure and at the same time to 
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provide a simplicity of equipment and tech- 
nique comparable with that used in live-line 
insulator testing. During the past two 
years, the potential gradient test has been 
applied to about 2,500 bushings operating 
at 10 kv to 220 kv. Annual failures in this 
group have been reduced from an average of 
15 in 1935 and 1936 to two in 1937 and none 
in 1938. Both bushings which failed in 1937 
were abnormal when tested, but failed be- 
fore removal. 

Having thus practically eliminated fail- 
ures of bushings by means of an annual 
live-line test, there appears little justifica- 
tion for tests to disclose defective lift rods, 
inferior oil, etc., which faults are detectable 
by the present visual inspection and oil test- 
ing schedules. : 

Considering the wide variations in power 
factor of the various material used for trans- 
former-winding insulation, an attempt to 
rate the serviceability of the over-all in- 
sulation in terms of power factor seems 
rather arbitrary. It would be interesting to 
know how many of the 345 transformers 
showing power factors calling for ‘‘removal”’ 
were actually removed, and what faults 
subsequent inspection disclosed. 


E. J. Rutan (Consolidated Edison Company 
of New York, Inc., New York, N. Y.): A 
study of the tables in this paper indicates 
that the limiting values of power factor 
selected for the different pieces of equip- 
ment can only be arrived at by the accumu- 
lation of considerable data. From several 
of the discussions which have already been 
presented, it would seem desirable to call 
attention to the fact that these tests have, 
in general, been made at less than rated 
voltage. The author’s results do show when 
using the limits selected improvements in 
the condition of equipment classed as de- 
fective have resulted from overhauling. It 
does not follow, however, that the tests as 
at present conducted are giving the best clue 
to possible defects. 

I think we can justify this statement from 
experience in dielectric tests of cable and 
other apparatus. In cable testing, the exist- 
ence of ionization causes a very material dif- 
ference in the power-factor readings ob- 
tained. In the Consolidated Edison Com- 
pany over the past few years, we have been 
doing considerable work on certain pieces of 
high-voltage apparatus and insulators to 
detect what we have called, “‘the voltage of 
corona initiation.’?’ These measurements 
were started following an operating failure 
and to our surprise indicated that some 
equipment showed evidence of corona dis- 
charge at below normal operating voltages. 
Since then, this test has been included as 
part of the regular acceptance for certain 
types of insulation. 

In view of the fact that in the power- 
factor measurement for the detection of 
possible faults we are looking for abnormal 
conditions, it is reasonable to expect that as 
faults develop there might be corona condi- 
tions at operating voltages. These same 
units, when new, might not show corona or 
ionization until several times normal voltage 
had been applied. It would seem, there- 
fore, that measurements made at normal 
voltage would be more likely to disclose the 
development of undesirable faults. It 
might also be expected that the power- 
factor limits distinguishing good from defec- 
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tive equipment would be better defined. 
In the past, the writer’s organization has 
made a few power-factor measurements and 
efforts were always made to test at rated 
voltage. It is recognized, however, that 
there are difficulties encountered which at 
the present time have not been overcome. 
This, however, should not deter those whoare 
regularly making these measurements from 
attempting to obtain data at rated voltage. 
Until this field has been explored, it is the 
writer’s opinion that we will not fully 
realize the benefits of this type of measure- 
ment for diagnosing insulation troubles. 


F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Gross’ paper furnishes data showing the 
results of several years’ experience in field 
testing and is of great value both to opera- 
tors and manufacturers. These results 
show shortcomings in materials used and in 
design practices. They also show the 
desirability of using checks to keep appara- 
tus in good operating condition and avoid 
failures and expensive repairs and loss of 
service in the field. 

There are several factors in power-factor 
testing of transformer insulation which I 
would like to mention. The company with 
which I am associated made power-factor 
tests for a period of a year or so in the 
factory on power transformers. The pur- 
pose of this was to accumulate data as to 
what power factors might be expected on 
new equipment. Due to the careful proces- 
sing and drying out in the factory it might 
be expected that the results of the power- 
factor tests would be fairly uniform and to 
be, therefore, of little significance. This was 
actually found to be the case. For this 
reason the use of power-factor tests has been 
discontinued on transformers. It might 
also be pointed out that the power factor 
varied somewhat with different designs in 
such a way that the method is not suitable 
for factory testing. 

It might be desirable to call attention to 
the fact that in service high power factors 
are not always caused by moisture. Oxida- 
tion and oil deterioration lead to high power 
factors in the oil even though dry. It is of 
interest that high power factor due to this 
cause does not result in any loss of dielectric 
strength. This has been demonstrated by 
tests on sample barriers ranging from very 
low power factors to 40 or 50 per cent power 
factors. Both 60-cycle and impulse tests 
showed no change with power factor. 

It is of great interest that spare units not 
excited may deteriorate due to moisture. 
This might be expected particularly in 
transformers breathing to the outside at- 
mosphere whether directly or in combina- 
tion with an expansion tank. Where oil 
has been heated slightly above atmospheric 
temperature it has been found that it will 
keep fairly dry. Oil, however, which may 
become colder than the atmosphere and is 
in direct contact with the atmosphere can 
condense moisture and gradually become 
quite wet. Even transformers which 
breath in air through a calcium chloride 
breather may become quite wet due to the 
oxidation of the oil forming water which is 
not easily removed. 

Mr. Gross has also called attention to the 
deterioration of cork gaskets. This ma- 
terial was the best material we knew of some 
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years ago for use as gaskets. It is of interest 
that materials have recently been put into 
use which promise to deteriorate very little 
and which may last indefinitely. 


: 


F. C. Doble (Doble Engineering Company, 
Medford Hillside, Mass.): The paper by 
I. W. Gross summarizing authentic and 
instructive information from more than five 
years of consistent field testing of bushing 
and transformer insulation by the power- 
factor method is a credit to the author and 
should be of value to those in the industry 
who are responsible for the maintenance of 
high-voltage insulation. 

It is significant that a 10-kv 60-cycle test 
has been adequate to maintain a completely 
reliable operating schedule on equipment 
rated from 13 kv to 132 ky. 

Early in the development of field testing 
by the power-factor method, some insulation 
engineers felt that a 10-kv test voltage 
would be entirely inadequate for testing 
equipment rated by voltages higher than 
10 kv. Also some others felt that an off 
frequency even up to 1,000 cycles would be 
desirable in order to get away from certain 
difficulties due to induction from parts of the 
60-cycle system other than those under test 
and to mitigate possible loss effects due to 
the action of low frequencies on composite 
insulation. 

The paper under discussion typifies a 
wide experience with dielective loss tests in 
the field correlated with failures of insula- 
tion of all voltages up to and including 220 
kv that has proved conclusively that a 10- 
kv 60-cycle dielectric and power-factor test 
is adequate for a reliable economical main- 
tenance program. 

Referring to Mr. Montsinger’s discussion, 
I agree with his statement that the greater 
complexity of construction and increased 
variety of designs of transformers as com- 
pared to bushings makes it more difficult 
to interpret the results of power-factor 
tests into a reliable transformer-mainte- 
nance program. However, I believe that it 
is not too optimistic to expect that a 
reasonable degree of standardization of test 
values can be derived in view of the very 
simple tables that now cover the entire 
bushing range that was thought to be just 
as hopeless some years ago when field test 
by power factor first began. 

Pertinent to Mr. Montsinger’s request 
to the author for an explanation of the fact 
that spare transformers deteriorate at a 
much higher rate than those in service I 
believe that more attention should be given 
to the electrical characteristics of water in 
oil. Recent investigations indicate that it 
is possible for water to be present in oil ina 
low-loss form that is not revealed by or- 
dinary electrical tests, such as dielectric 
breakdown or power factor, to a much 
greater degree than is shown by the litera- 
ture that describe this phenomenon. 

In this low-loss form the water is no ap- 
parent handicap to electrical operation. 
However, a drop in temperature may cause 
the water to change its electrical character 
so that it becomes high-loss water which 
may be a serious operating hazard. The 
spare transformers pass through a much 
wider temperature cycle than corresponding 
transformers in service with a resulting 
tendency to faster deterioration in a given 
time. 
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I. W. Gross: The numerous discussions 
given of this paper indicate the subject of 
field testing of insulation is a very live one 
at the present time. 

The question of correcting power-factor 
readings to a standard temperature and the 
methods for so doing is one on which we 
have spent considerable thought and time. 
Mr. Cole has pointed out that he has taken 
this into account by using different power- 
factor limits on bushings, depending on the 
temperature of the oil in which the bushing 
is located. Another method on which we 
have been working is that of assigning a 
temperature to the bushing on the basis of 
the composite parts which are at different 
temperatures. For example, the bushing 
temperature may be rated on ambient air, 
copper temperature at the top of the bush- 
ing, or oil temperature of the apparatus in 
which the bushing is located; or in the case 
of oil-filled bushings it may be based on the 
temperature of the oil in the bushing. 
Undoubtedly, some further study in refine- 
ment is possible in arriving at the most 
desirable basis for temperature. 

Mr. Wetherill has pointed out the theo- 
retical justification for the test on fibrous 
insulation parallel to the fiber structure. 
It is quite fortunate from a practical point 
of view that this test along the fiber, 
such as along the surface of cylindrical 
insulating members, has proved to be an 
adequate test to detect the presence of 
moisture, as it would be decidedly burden- 
some and complicated to make routine tests 
radially. While it is true, as Mr. Wetherill 
points out, that the highest per cent of 
bushing failures (figure 6 of paper) occurs 
during the lightning season, it is also true 
that in the cases of bushing failures in the 
early part of the year when general weather 
conditions are cold, with subsequent thaw- 
ing and rain, there is a rise in bushing 
failures which indicates to us the possibility 
that moisture, which had entered the bush- 
ing prior to failure, had become destructive 
by penetration into or through the insulat- 
ing material. As pointed out in the paper 
deteriorated gaskets are contributory fac- 
tors under severe weather conditions. 
Several years ago we experienced a number 
of bushing failures immediately following a 
protracted cold spell followed by thawing 
and rain in the early part of the year. These 
failures were not accompanied by lightning 
but appeared to be due to deterioration of 
the bushing by the entrance of moisture 
under severe weather conditions. 

Mr. Montsinger and others comment that 
the type of transformer design may affect 
the interpretation of power-factor readings. 
This point is well taken and, as pointed out 
by him, undoubtedly a large number of 
tests on different types of transformers 
will be required before we can determine 
transformer faults with the same certainty 
that is now possible with bushings. How- 
ever, the work which we have been carrying 
on during the past few years seems to indi- 
cate, with our present knowledge of the art, 
that there are many other factors in the de- 
tecting of transformer faults which at the 
moment far outweigh the difference in trans- 
former design. This point, however, should 
be given further consideration. 

In answer to Mr. Montsinger’s question 
regarding the types of faults which have 
been found in transformers, so far as we 
have been able to determine, these faults 
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have been due to the entrance of moisture 
into the transformer and have in most 
cases been successfully removed by drying 
the transformer by conventional, recom- 
mended methods. With practically few, 
if any, exceptions, we have not discovered 
other types of faults in such defective trans- 
formers at the time they were serviced as a 
result of the power-factor test. 

In many cases, of course, the oil has de- 
teriorated where it has been in service for 
some length of time, and on reservicing, 
it is always reconditioned or replaced. I do 
not recall that we have had any cases of 
seriously deteriorated insulation attributed 
to anything except absorbed moisture. 

As brought out by many of the discussers, 
there is undoubtedly a great deal of research 
work to be done in studying the deteriora- 
tion of insulation in a complicated, com- 
posite structure such as a transformer wind- 
ing with its insulation of conductors, sec- 
tions, cores, etc., and it is hoped that a well 
organized and carried on study of this prob- 
lem will be made in the future. 

The deviation of power factors, concern- 
ing which Mr. Montsinger asked, is very 
valuable in determining the condition of 
transformer insulation in the field, not only 
by comparison of insulation between trans- 
formers of the same design, manufacture, 
rating, etc., but also by comparison of in- 
sulation between primary and_ ground, 
secondary and ground, and interwinding 
insulation. We have sometimes detected 
faults by comparisons of this type. 

Messrs. Chubbuck, Rutan, and Doble 
have all commented on the power-factor 
testing on higher voltages than 10 kv em- 
ployed in our work. As pointed out by Mr. 
Doble, studies made so far indicate that 10 
kv is adequate for the purpose. It is to be 
expected, however, that at higher test 
voltages approaching the operating voltage 
of the equipment, corona formation may be 
detected in some cases. This, however, 
with our present experience with practical 
field testing seems to be more a question of 
insulation design than one of equipment 
maintenance. 

It should not be lost sight of, too, that to 
attempt to test field equipment which 
ranges all the way from 2,300 volts up to 
230 kv would undoubtedly require consider- 
ably more elaborate test equipment as re- 
gards voltage supply than has generally been 
considered practical in the field. Unless 
there is some distinct advantage, which so 
far has not been apparent, to be gained by 
the use of high voltage in the order of 100 
kv or so, we believe it is a better plan to 
retain a practical working limit of voltage 
until such time as research developments 
show that a higher voltage is essential to the 
satisfactory maintenance of equipment. 

Mr. Goodwin’s theory on the reason for 
failure of compound-filled bushings is quite 
interesting. A number of other theories 
have, of course, been set up, discussed and 
explored in the development of the present 
test set which we are now using. 

Mr. Tebo touches on several points of in- 
terest as regards testing procedures, methods, 
equipment, and results obtained. In the 
first place, while the paper did not report 
numerically the reduction in failures of 
bushings or other equipment since power- 
factor testing work was started, there is 
abundant evidence to show that material 
reductions have taken place. This infor- 
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mation, however, is ndt in the form of statis- 
tical, numerical data; but rather comprises 
the frequency of complaints from the fiel 
of equipment failures and also the verbal 
reports of the different properties on which 
testing work has been'‘¢arried on. In fact, 
at the present time we are using three test 
sets in an attempt to carry out a yearly test 
schedule on oil circuit breakers, bushings, 
and transformers, and the results of testing 
have been so successful in improving the 
operating performance of equipment that 
we from time to time receive urgent requests 
from the field that the schedule be hastened 
to take care of testing their equipment on a 
more frequent basis to forestall trouble. 

While, as pointed out by Mr. Tebo, it is 
theoretically possible to set up conditions 
of faults in bushings where a serious operat- 
ing hazard can exist on a bushing without an 
appreciable increase in energy loss or power 
factor, still we should not lose sight of the 
fact that experience seems to show that 
actual occurrences of this kind are very in- 
frequent. Likewise, the theoretical con- 
sideration of a 1/,-watt loss at 10 kv in a 
bushing may exist without the bushing being 
a hazard on the system must be correlated 
with the practical experience obtained in 
testing bushings where losses of such magni- 
tude are found and inherent faults in bush- 
ings have been detected. The possibility of 
these two conditions existing is, of course, 
admitted, but their probability seems remote. 

Regarding the hot-collar test referred to 
in the paper, Mr. Tebo has apparently mis- 
understood our opinion of its place in test 
work and the importance of this type of 
test in detecting faults. It is not our 
opinion that this type of test is superior to 
the over-all power-factor test. It is merely a 
supplementary test which, when used in 
conjunction with the over-all power-factor 
test, has been useful in detecting some types 
of faults in particular types of bushings. 
This hot-collar test, so far as we know, was 
first described by Mr. O. E. Fawcett of the 
West Penn Power Company early in 1936 
and was first used on our property sub- 
sequent to this. 

Further, Mr. Tebo’s implication that the 
testing technique which we are employing 
is complicated and therefore requires 
“specialists in power-factor testing and in- 
terpretation of results” is an opinion with 
which we quite emphatically differ. It often 
happens that a test device which requires 
merely the turning of a handle and the read- 
ing of an instrument scale falls far short of 
obtaining satisfactory results unless the re- 
sults are understood and analyzed by com- 
petent and skilled men. 

Considerable advantages result by having 
the tests promptly interpreted and remedial 
measures taken at the time of the tests. 
Mr. Tebo’s statement that failures have 
been practically eliminated on some 2,500 
bushings tested by the potential-gradient 
method warrants some comments. The 
absence of failures in 1938 (which is ap- 
proximately only half of the current year) 
and the fact that the two which failed in 
1937 were abnormal when tested leave the 
results very inconclusive. It should be 
borne in mind that to remove from service 
all bushings which are merely ‘‘abnormal’’ 
on test would place a heavy financial burden 
on the operating company which could not 
be tolerated. The degree of abnormity must 
be evaluated in terms of operating hazard. 
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A Self-Checking System of Supervisory 
Control 


By M. E. REAGAN 
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Synopsis: This paper describes a new type 
of supervisory control system which was 
developed to reduce the selection time in 
large, multistation applications. The prin- 
ciples are based on the use of short and long 
electrical pulses and circuit designs not 
requiring a check-back code for assuring 
accuracy. It is equally applicable to a 
two-wire telephone line or a carrier-current 
channel. The design is quite flexible, per- 
mitting many alterations and additions to 
satisfy local conditions peculiar to its prob- 
lems. The theory behind the elimination 
of the check or selection is explained. 


OST modern systems of supervisory 
control are based on the logical 
principle of checking a selection before 
performing an operation. To do this, a 
checking code duplicating the selecting 
code is returned from the substation to 


Paper number 38-60, recommended by the AIEE 
committee on automatic stations and presented at 
the AIEE summer convention, Washington, D. C., 
June 20-24, 1938. Manuscript submitted October 
29, 1937; made available for preprinting May 13, 
1938. 


M. E. REAGAN is section engineer in the switchgear 
engineering department, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 


the dispatching office. This insures that 
the desired unit has been correctly se- 
lected for operation. 

The self-checking system, here de- 
scribed, obtains the same assurance of 
correct selection without the necessity of 
returning a duplicate of the selecting 
code. Thus, the over-all selecting time 
is reduced, particularly in the larger 
multistation systems. The usual initial 
operation of station selection is also elimi- 
nated since we can look at the whole 
system as a single station. Each remote 
piece of apparatus is assigned a definite 
code. The resulting saving of time is 
important, particularly when a carrier- 
current channel is used, since it mini- 
mizes the time during which outside 
interferences can tend to disturb or muti- 
late the signalling sequences. 

In the design of the self-checking sys- 
tem, two types of selecting pulses are 
used. They differ from each other in 
their length or in the time of energizing 
the line. The short pulse has a char- 
acteristic time of the order of one-tenth 


It is often true that an attempt to draw con- 
clusions from incomplete data is often more 
harmful than beneficial. 

We question the ability of any test 
method to eliminate all failures of bushings 
in service. If it should be possible to ac- 
complish this, Mr. Tebo’s statement that 
“there appears little justification for tests 
to disclose defective lift rods, inferior oil, 
etc.,’’ is not in accord with operating ex- 
perience in our company where we have 
found defective lift rods by the power-factor 
test and have eliminated them _ before 
breaker failure has occurred. The impor- 
tance of field insulation testing lies in test- 
ing all major equipment, if possible, rather 
than to confine the tests to only a small part 
of it such as the bushings alone. 

One type of fault the potential-gradient 
method applied to bushings cannot detect 
is faulty conditions of the insulation on the 
bushing within the apparatus, that is, below 
the bushing mounting flange. Faults of this 
type have been found by the power-factor 
method. 

Mr. Vogel points out that a high power 
factor of the oil does not affect the insula- 
tion, and we presume he has in mind that 
if the fault should be localized in the oil (in 
a transformer), then servicing the oil would 
be a suitable means of reconditioning the 
transformer. This indeed is an interesting 
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point, but it should be borne in mind that if 
the high power factor of the oil is due to 
contamination by moisture, then over a 
period of time that moisture may have 
worked into the insulation and become con- 
centrated at some point in the insulation 
structure which is vital to the successful 
operation of the equipment. 

In closing this discussion there is one 
broad point of view that we wish to em- 
phasize, and that is, in field testing of in- 
sulation of the type described in the paper, 
we are dealing with a most complicated 
structure consisting of oil, paper, fibrous 
insulation, wood, etc. In many cases it is 
fortunate indeed that a power-factor test 
does give us an indication of the condition 
of the insulation as compared with the 
insulation of that equipment when initially 
new even though we do not know all the 
theoretical reasons why it does. Those who 
choose to take chances in operating a system 
with insulation known to be far different 
from what it was in its original condition 
must, of course, run the risk of equipment 
failure. Just how bad such insulation may 
become, and still result in satisfactory opera- 
tion of the equipment is a point whichis not 
known at the present time, but it is hoped 
that as our test work continues, it will be 
possible to obtain some valuable information 
on this point over a period of time. 
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of a second, The long pulse is purposely 


lengthened to approximately three times 
the time element of the short one. 

Each selecting code is made up of the 
same number of total pulses and the same 
number of long pulses. By this means, 
the possibility of incorrect selections is 


eliminated. The explanation of this will 


be apparent from the circuit descriptions 
to be discussed later. 

In the smaller applications, there is no 
advantage in the self-checking system. 
As the number of total pulses increase, 
the number of possible selection combina- 
tions enlarge enormously. This is ap- 
parent from figure 1. It is for this reason 
that the self-checking system is economi- 
cal and most beneficial where there are 
many operations and several substations 
to be controlled and supervised. 

From a given number of total pulses, 
the maximum number of selection com- 


- binations occur when the number of long 


and short pulses are equal. As an ex- 
ample, let us consider the case where 
eight pulses are used. The formula for 
determining the total selections may be 
written: 
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A L (factorial L) 


where 


= total number of selections 

total number of long and short pulses 
total number of long pulses 

total number of short pulses 
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In this case, should three long pulses 
be used, the number of shorts would 
necessarily be five. 
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However, should there be four long 
pulses, we have 
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Should five long pulses be employed, 
we arrive at the same total as with three. 
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If our system were composed of approxi- 
mately 50 units, the scheme using three 
long pulses would be used since less total 
time is required. 

Where ten total pulses are required, 
four long pulses permit selecting any one 
of 210 units. On the basis of 0.1 second 
for a short and 0.3 seconds for a long 
pulse, it is apparent from the foregoing 
that with an increase in selection time of 
0.4 seconds, the size of the system may 
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NUMBER OF TOTAL PULSES 
“APPROXIMATE SELECTING TIME PER POINT —SECONDS 
Figure 1. Curve showing the selection time in 
seconds for any unit out of a known maximum, 
given a code with a definite total number of 
impulses 


increase from 56 to 210 points. Due to 
the natural limitations of the number of 
contacts available on standard relays, 
less than the full theoretical number of 
selections is practical. The usable codes, 
even in the larger systems, are at least 
half of the theoretical total. 

An even number of total pulses is ad- 
visable for purposes of balanced circuit 
design. Also, an even number of long 
pulses is preferable to an odd number. 
In the circuit design, the first half of the 
total pulses is called the group selection, 
while the second half is known as the 


point selecting pulses. For example, 
[. 
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Figure 2. Code set-up circuit outlining 
method of establishing a definite code 


consider the case where a total of ten 
pulses is used. If the total number of 
system points is 100, the codes would be 
assigned so that there would be two long 
pulses in each of the first and second 
groups of five pulses. Using a system of 
numbering whereby the numbers rep- 
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resent the long pulses, code 14-79 would 
mean that the first, fourth, seventh, and 
ninth pulses were long while the remain- 
ing ones were short. 


The group codes would be 12—13-14-15- 
23-24-25-34-35-45, 

The point codes would be 67-68-69-60- 
78-79-70-89-80-90 (the 0 denotes the tenth 
pulse). 


This represents a ten by ten layout or 
100 total points, 
The codes would be: 


12-67 138-67 14-67 15-67 23-67 
12-68 13-68 1468 15-68 23-68 
12-69 13-69 14-69 15-69 23-69 
12-60 13-60 1460 1560 23-60 
12-78 13-78 14-78 15-78 23-78 
12-79 138-79 1479 15-79 238-79 
12-70 18-70 14-70 15-70. 23-70 
12-89 138-89 14-89 15-89 23-89 
12-80 138-80 14-80 15-80 23-80 
12-90 13-90 14-90 15-90 23-90 
24-67 25-67 34-67 35-67 45-67 
24-68 25-68 3468 35-68 45-68 
24-69 25-69 3469 35-69 45-69 
24-60 25-60 3460 35-60 45-60 
24-78 25-78 34-78 35-78 45-78 
24-79 25-79 34-79 35-79 45-79 
24-70 25-70 34-70 35-70 45-70 
24-89 25-89 3489 35-89 45-89 
24-80 25-80 34-80 35-80 45-80 
24-90 25-90 34-90 35-90 45-90 


From this, it is apparent that the select- 
ing time of any one unit is the same as 
that for any other unit in the same system, 
since each code must contain the same 
number of long and short pulses. 

The order of preference of reporting 
the codes in case of more than one attempt 
to start at the same instant is determined 
by the long pulses. The code with the 
first long pulse will take preference over 
one having a short pulse at that time. 
This is also true in multistation layouts 
where the station which is sending a short 


Figure 3. Simple short-pulse counting scheme 
used for recording the short pulses in a given 
code 


pulse locks out if some other station is 
sending a long pulse. All points have 
“storage” circuits so that there is no 
possibility of losing an indication under 
such circumstances. 

The first application of this system was 
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made on a pair of 287-kv power lines ap- 
proximately 270 miles in length. The 
line circuit consists of a carrier-current 
channel of 60 kilocycles. Connections to 
the lines were so made that operation is 
possible even though either transmission 
line is open circuited or grounded. 

In this case, ten total and four long 
pulses are used. However, the number 
of required operations demanded that the 
codes have up to three long pulses in 
either the group or point codes. When 
the group has one long pulse, the point 
must contain three, etc. 

This application has many other fea- 
tures individual to the local conditions 
and these will be omitted in the general 
description to follow. There are two dis- 
patching boards, one at Boulder Dam and 
the other at Los Angeles, on which all 
operations must report simultaneously. 
Should the Los Angeles board fail to re- 
ceive a signal due to any cause, the dis- 
patcher at Boulder is automatically 
notified. Again, interlocking is used so 
that the dispatcher cannot attempt a 
wrong operation. Thus, it is arranged 
so that a ground switch cannot be closed 
at one end of a line section if a line dis- 
connecting switch is closed at the other 
end. Such are examples of special cir- 
cuits which may elaborate on the funda- 
mentals as will now be described. 


Description of Scheme of Selection 


Figure 2. As the dispatcher operates 
a point selection key (key 12-67, for in- 
stance) a circuit is completed through the 
operating coils of relays 12 and 67. As 
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they close, locking circuits are formed by 
contacts on relay 12. They also open 
the circuit to other group and point re- 
lays. Figure 4 will show how their con- 
tacts make the first, second, sixth, and 
seventh pulses long. Relay Y is used to 
start the pulsing. 

It will be seen that one set of point re- 
lays and only one may be operated at one 
time even though several point-selection 
keys are operated at the same time. This 
feature is not absolutely necessary at the 
office since the dispatcher would not 
operate more than one key at one time. 
It is required at the substation, however, 
since several breakers might open simul- 
taneously. The office connection is made 
similar for the sake of uniformity. 

To explain the action of the guard cir- 
cuit, suppose the dispatcher operated 
keys corresponding to codes 12-67 and 
13-67 simultaneously. Both relays 12 
and 13 may operate momentarily but re- 
lay 12, being first in order, opens the posi- 
tive feed to relay 13 so that only relay 12 
can remain operated over its locking 
winding. The selection keys are thus 
wired in series sequence so that only the 
first one in the sequence is operated. 

It will be noted here also that the num- 
bers of the relays operated correspond to 
the numbers of the pulses which are 
made long. Should a code be operated 
which requires three long pulses in either 
the group or point sections (code 123-6 or 
5-890, for example), the second windings 
of the necessary relays are connected in 
series by contacts of the point selection 
key which corresponds to that particular 
code. 

Figure 3. When relay Y operates, a 
circuit is closed to relay S or sending 
relay. Being connected through a break 
contact of relay L, this circuit is effective 
only as long as relay L is de-energized, so 
that a pulse received from the substation 
at the same time that the circuit for S is 
closed will prevent the operation of re- 
lay S. 

When relay S operates, it closes a cir- 
cuit for the keying relay KR, which places 
carrier current on the high-voltage 
transmission lines. This results in the 
operation of all receiving relays (RR) 
(shown in figure 4). Neglecting for the 
moment the sequence of pulsing and the 
control of the long pulses, relay L is 
caused to pick up and drop out with the 
catrier-current pulses. 

The pulses are counted by the counting 
relays 1A to 10A when relay L is ener- 
gized and by relays 1B to 10B when relay 
L is de-energized. The first operation 
of relay L energizes relay D as wellas 1A. 
Relay D is slow releasing when de- 
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energized and does not drop out between 
pulses. 

As long as relay L is operated, relay 1B 
is short-circuited and cannot operate 
even though the contact of 14 has com- 
pleted its operating circuit. 

When relay L releases after the first 
pulse, the shunt across relay 1B is opened 
and relay 1B picks up in series with the 
operating coil of 1A. As relay 1B oper- 
ates, it transfers the L circuit to 2A so 
that it operates in response to the second 
pulse. Relay 2B operates as L drops out 
at the end of the second pulse. The re- 
maining relays of the counting chain 
operate in the corresponding manner as 
the pulsing continues.. 

Figure 4. This shows the sequence of 
pulsing the carrier current. From figure 
3, the keying relay KR was energized by 
the contact of the sending relay S. The 
contacts of the keying relay complete the 
transmitter oscillator and amplifying 
circuits thus applying carrier energy to 


Figure 6. Long-pulse counting circuit used to 
record the position of the long pulses in a 
given code 


the lines. All receiver relays pick up and, 
in turn, energize relay L. As relay L 
operates, it not only advances the count- 
ing chain of figure 3, but opens the keying 
relay circuit. As the keying relay drops 
out, carrier energy is removed from the 
transmission lines, resulting in~the de- 
energization of all receiver relays. Thus, 
the counting chains in all stations step 
ahead simultaneously. The function of 
the long pulse control of the keying relay 
will be evident from figure 5. Even 
though the short pulse circuit is opened 
by relay L, a long pulse keeps the keying 
relay energized and carrier on the high- 
voltage carrier-current circuit. 

Figure 5. For selection purposes, four 
of the pulses must be long. This is ac- 
complished over long-pulse control cir- 
cuit which also operates on the keying 
relay. To transmit code 12-67, pulses 
number 1, 2, 6, and 7 must be made long, 
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while the other pulses, that is, 3, 4, 5, 8, 
9, and 10, must be short. As soon as re- 
ay S is energized, a circuit is completed 
by the make contact of relay 12 to the 
keying telay KR. Relays P and Q are 
normally energized through a break con- 
tact of L. These relays are slow to re- 
lease and do not drop out immediately 
when relay L is energized. Carrier 
energy is thereby kept on the line and all 
relays RRand L remain energized. After 
a predetermined interval of time, relay 
P, whose circuit is opened by relay L, 
drops out and opens the circuit of slow- 
releasing relay Q. Relay Q also drops 
out after a certain time and opens the 
circuit of the keying relay KR, thus re- 
moving carrier from the line and dropping 
relays RR and L. Thus, each one of the 
four long pulses energizes the keying re- 
lay for a definite period of time. 

Figure 6. As relay P drops on the 
first long pulse, it operates a long pulse 
register relay 1C. This takes place at the 
sending station and all of remote stations. 
The duration of the long pulse is increased 
by the drop-out time of relay Q in order 
to give the remote stations sufficient time 
to operate the C register relays and to 
take care of unequal dropping times of 
the various P relays in the other stations. 
Other long pulses are under control of 
relay P in the same manner. Thus, 
during the third, fourth, and fifth pulses 
(of code 12-67) no circuit is completed for 
the KR relay in the long pulse control 
circuits, and relay P has no opportunity 
todrop. Register relays 3C, 4C, and 5C, 
therefore, cannot operate. The same is 
true of 8C, 9C, and 10C of this particular 
code. At the end of the tenth pulse, all 
stations would have relays 1C, 2C, 6C, 
and 7C operated and no others. As re- 
lay L picks up on the tenth pulse, relay 
10A opens the circuit to relay KR, so 
that no further pulses can be transmitted. 
(See figure 3.) Relay D, receiving no 
further pulses from line relay L, releases 
after a short interval and opens the 
original holding circuit for the counting 
and code relays. Since ten pulses have 
been received, these relays are held up 
through the winding of relay J. Relay 
J closes through this circuit and operates 
the point selection relay B or F (B is at 
the office and F at the substations) cor- 
responding to the selection registered on 
the code relays. 

Figure 7. In the present case, code re- 
lays 1C, 2C, 6C, and 7C are operated. 
The group selection circuit (controlled 
by the C relays operated during the first 
five pulses) is prepared after the eighth 
pulse by the operation of relay 8B. 
Since 1C and 2C are energized, relay 
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Figure 7. Group selection circuit employed 
to distinguish the group of a code 


12D is operated. Also, since 3C, 4C, and 
5C are not energized, the operation of 
relay 12D picks up relay G12. 

Figure 8. After the end of the tenth 
pulse and the operation of relay J, a 
circuit is prepared for the operation of 
the point selection circuits (controlled 
by the C relays operated during the last 
five pulses. Since 6C and 7C are ener- 
gized, relay 67E picks up. The opera- 
tion of relays J, 67E, and G12 complete 
the circuit for F12—67 since 8C, 9C, and 
10C are de-energized. As F12-67 oper- 
ates, it extends its operating circuit to 
relay K, which also picks up and closes 
a locking circuit for itself and F12-67. 
Relay K opens the energizing circuit for 
the point selection relays so no more of 
them can operate and also drops the 
counting and code relays as well as relays 
JandS. They are thus restored to their 
normal position. Relay 10B, as it oper- 
ated at the end of the tenth pulse, opened 
the circuit of relays Y and 12, which in 
releasing drop relay 67. High resistance 
relay A (see figure 2) picks up and holds 
the selection until the key is restored to 
its normal position. 

At this stage, the office has completed 
the selection of a point and is ready to 
receive a check code from the substation. 
At the substation, since no check is re- 
quired on the selection, a check showing 
that something was received is desirable 
where a carrier-current channel is em- 


ployed. 


Circuit Design Eliminates 
Possibility of Wrong Selection 


Before continuing with the operation 
of the equipment, the group and point 
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selection circuit safeguards against a 
wrong selection will be amplified. 

The circuit for relay J is completed 
only if relay 10d has been operated in 
response to ten pulses on the line. If 
less than ten pulses are sent, relay D 
will release after the pulsing ceases, but 
relay 10A will not be operated. No new 
holding circuit is established for the 
counting and long-pulse register relays, 
and they release immediately without 
attempting a selection. 

If more than ten pulses are received, 
the eleventh pulse will operate the lock- 
out relay X, which locks up until the set 
is released. Relay X opens the locking 
circuit of the long-pulse register relays, 
causing them to drop out and also stop 
the transmitting of impulses. No selec- 
tion can then be made until the equip- 
ment is released. 

Relay J, which can only operate if 
ten pulses (no more and no less) are re- 
ceived, closed the point-selection circuits. 
A point-selection relay can be operated 
only if four long pulses have been received 
and properly registered on four of the 
register relays 1C and LOC. 

Inasmuch as the group code contains 
either one or two long pulses in the first 
five, either one or two of the C register 
relays 1C to 5C must be operated. If 
there is no long pulse in the first five, 
none of the relays 1C to 5C is picked up, 
and no group-selection relay (G1 to G45) 
can operate. Consequently, no point 
selection can be made. If only one long 
pulse is received in the first five pulses, 
one of the relays 1C to 5C will be closed. 
As relay 8B operates, one of the group se- 
lection relays G1 to G5 will close. Should 
two long pulses be received in the first 
five, two of the 1C to 5C relays will be 
energized, resulting in closing one of the 
group-selection relays G12 to G45. 

If three or more long pulses are re- 
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ceived in the first five, an examination of 
the contact circuits will prove that no 
group-selection relay can operate, thus 
preventing any subsequent point selec- 
tion. 

In other words, a group-selection relay 
can be operated only if either one or two 
long pulses are received in the first five. 

When the group codes contain one long 
pulse, the point codes must contain three. 
Likewise, two long pulses in the group 
code demand two in the point codes. 
Thus, the point codes contain either two 
or three long pulses, depending on the 
preceding group code. 

Examination of the contact circuits of 
the point-code relays 6C to 10C will show 
that no point selection circuit can be 
completed when no long pulse is received 
in the last five pulses. The same is 
true when only one long pulse is among 
the last five. 

When two long pulses in the last five 
are received, ten point-selection circuits 
are prepared which lead only to those 
group-selection relays associated with 
two long-pulse group codes. Therefore, 
a point selection can be made only if two 
long-pulse group-selection and two long 
pulse point-selection pulses are properly 
received. 

If three long pulses are received in the 
last five, ten other point-selection cir- 
cuits are prepared, leading only to those 
group-selection relays which are associ- 
ated with the one long-pulse group codes. 
Therefore, a point-selection relay can be 
operated in this case only if one long-pulse 
group and three long-pulse point-selection 
pulses are properly received. 

Should four or more long pulses be in 
the last five, the contacts of relays 5C to 
10C cannot close a point-selection relay 
circuit. 

Summing up, it is clear that a point- 
selection relay can be operated only if: 
(a) Relay J is operated in response to at 
least and not more than ten total pulses. 


(b) One group-code and three point-code 
relays are operated. 


or 


(c) Two group-code and two point-code 
relays are operated. 


(d) At least and not more than four long 
pulses are received. 


All other combination of pulses will not 
complete a selection. 


Substation Check 


While no check is necessary on the ac- 
curacy of the selection at the substation, 
the use of carrier current as a channel 
makes it advisable to get some sort of a 
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Figure 8. Point selection means used to 
isolate the point individual to a code 


signal back to show that the carrier equip- 
ment is working. To do this, two pulses 
are returned which, at the same time, in- 
dicates the present position of the 
breaker or device to be operated. If, at 
that time, the device is closed, a long and 
short pulse code is sent to the office. If 
the device is in the open position, a short 
and long pulse code is transmitted. 

The substation sending follows the 
same sequence as has been described at 
the office except that the keying relay is 
opened at the end of the second pulse. 
The counting and code relays are re- 
stored to normal. At the office the two 
pulses are received registering on 11C or 
12C depending on whether the selected 
device is closed or open. A circuit is 
completed only if either the first or second 
pulse is long. If both are short or if 
both are long, the contacts of 11C and 
12C keep the circuit open. The relay 
energized in response to this signal con- 
trols the red and green lamp relay. 
Should the selected device be closed, the 
first pulse is long (and not the second) 
and relay 11C is operated. The lamp 
relay is energized connecting the red 
lamp in the circuit. Relay 12C, which 
picks up when the first pulse is short and 
the second one long, causes the lamp re- 
lay to drop out, changing the lamp indi- 
cation from red to green. 


Operation Control 
At the same time, connections are made 


to prepare the circuits for the transmission 
of the operation control codes. The 
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point-selection lamp at the office is 
lighted only after the reception of a cor- 
rect indication code from the sub- 
station. If, at this time, the selected 
device should automatically change its 
position, the new indication code is im- 
mediately transmitted to the office. 

The dispatcher may now operate the 
master control key which sends through a 
three-pulse code, depending on the posi- 
tion of the twist key of the selected point. 
The codes used are a long-short-short 
combination for closing and a short-short- 
long combination for tripping. The re- 
lays thus operated have their locking 
circuit through the twist key providing 
an antipumping feature. 

After the three pulses are transmitted, 
further transmission is stopped by relay 
3A. At the substation, the circuit is set 
up only if three pulses are received and 
the first or third one long. The device 
then operates and the changing of its 
auxiliary switch sets up the sending cir- 
cuit to initiate transmission of the new 
indication code. As the new code is re- 
ceived at the office, the lamp relay is con- 
trolled as previously described. 

In order to insure that the lamp relay 
has properly changed, a check code is. 
sent from the office to the substation. A 
single long pulse is sent if the lamp relay 
is energized while a single short pulse de- 
notes the de-energized position of the 
lamp relays. When one of these types of 
pulses is received at the substation, relay 
11C is operated if the red lamp is lit, but 
will not be under the green lamp condi- 
tion. In either case, if the check code 
from the office agrees with the position 
of the selected device, no further action 
takes place. If they do not agree, a new 
indication code is transmitted. 
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_. The dispatcher may keep the selected 
point as long as desired and repeat the 
closing and tripping operations at will. 
Meanwhile, the device is constantly 
‘supervised, and any new position is auto- 


eleasing the Selected Point 


When the dispatcher desires to release 
the selected point, he restores the point- 
selection key. If no pulses are being re- 
ceived at this time, restoring the point 


In order to make a last check of the 
Jamps at the office against the actual 
position of the selected device, the release 
pulse is made long if the red lamp is lit 
and a short pulse for the green lamp. 
This action is the same as previously de- 
‘scribed except all equipment resets to 
normal if the signals agree. 

_ All other stations which have locked 
out are also automatically unlocked by 
the reset pulse. 


Automatic Operation 
From the Substation 


When a device changes its position in 
the substation, the selecting code is sent 
to the office in the same way as during a 
‘selection with the exception of the check 
code. Here, both sets of signals originate 
at the substation, so the indication code 
of two pulses follows immediately after 
the ten-pulse selecting code as pulses 
eleven and twelve. 

An audible alarm and flashing dis- 
agreement lamp informs the dispatcher 
of the change. The disagreement lamp 
is so named because the position of the 
control key and indicating lamps are not 
in agreement. Its chief function is to 
assist the operator quickly to locate the 
unit which has operated automatically 
in the remote station. 

Should several devices change position 
simultaneously, they report to the dis- 
patcher in sequence. The order of pref- 
erence is settled by the code since a sta- 
tion locks out if it is receiving a long pulse 
while sending a short one. Also, within 
a station, the code with the first long 
pulse, where another code has a short one, 
will be sent through first. 


Conclusion 


The new self-checking system is par- 
ticularly applicable to large multistation 
applications, especially where carrier 
current is used as the controlling chan- 
nel. 
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The possible source of code mutila- 
tion may be summed up: 


(a) One or more pulses are lost due to 
relay failures or line trouble. In this case, 
a selection cannot be made. 


(b) One or more pulses are added due to 
relay failures or line trouble. Again, no 
selection can be made. 


(c) Two or more short pulses may flow 
together to form a long pulse. This results 
in less than the correct number of pulses 
and also too many long pulses. Therefore, 
no selection results. 


(d) A long pulse may be split into two 
short pulses. The selection cannot be 
completed because of too many pulses as 
well as an insufficient number of long pulses. 


(e) Should the long-pulse indicating relay 
P fail to release on a long pulse, no selection 
results as too few long pulses are received. 


(f) Also, if relay P should drop out on a 
short pulse, too many long pulses are 
received and no selection is possible. 


Thus all reasonable possibilities of wrong 
selections are reliably prevented and no 
check-back is necessary. 


Discussion 


F. Von Voigtlander (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Increasing interest is being shown by operat- 
ing companies in the application of super- 
visory control schemes to power systems, 
chiefly as a means of reducing operating 
costs and improving service. 

In contemplating the application of super- 
visory control to a given power system the 
first consideration would be whether or not 
the control system was applicable. I would, 
therefore, like to ask the author what is the 
field of application of this control system? 

If it was found that the installation of 
supervisory control could be justified on 
the given power system, the next question 
would be what does this system offer that 
is not available in other modern control 
systems? 

An important consideration in the suc- 
cessful operation of automatic equipment 
is maintenance. Equipment may suffer 
not only from lack of maintenance, but 
from overzealous maintenance as well. 
Another question I would, therefore, like 
to ask is what form and extent of main- 
tenance is required by this control system 
and is there any way in which the equip- 
ment would give warning of faulty main- 
tenance before actual failure took place. 


D. R. Pattison (nonmember; Pennsylvania 
Electric Company, Johnstown): We are 
large users of supervisory control equipment 
and have found this type of equipment very 
reliable provided it is not overmaintained. 
We are extremely interested in the general 
trend toward simplification and have 
always wondered why supervisory control 
systems outgrew the original audible type, 
which in our estimation is the simplest form 
of remote control. 

It has been our belief that the operating 
companies should at all times keep their 
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remote-control requirements along logical 
and practical lines and avoid frilly require- 
ments which of necessity complicate the 
equipment, 

The manufacturers have been very 
generous in this respect and have at all 
times attempted to meet the special require- 
ments which in a large number of cases 
represent whims of individual engineers or 
operators. 

It is felt that the self-checking system 
offers a simplification in that the back and 
forth checking operation is eliminated. 


E. E. George (Tennessee Electric Power 
Company, Chattanooga): Operating experi- 
ence with remote control of various kinds 
indicates that the author’s proposal to 
eliminate the check back system is a step 
in the right direction. 

To those who feel that the multiplicity of 
relays in extensive applications of super- 
visory control may involve operating delays 
due to testing and maintenance, is suggested 
that the methods of the communication 
companies be imitated. In dial switching 
systems a large group of relays are mounted 
on a base plate which has plug and jack 
connections so that the whole base with 
these relays can be instantly removed from 
the switchboard and replaced by a spare 
unit. The connector and selector switches 
used in the step-by-step dial system are good 
examples of this construction. 


G. De Croce (nonmember; Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa.): Replying to Mr. 
Von Voigtlander, this system differs from 
other systems in that it is applicable to 
large multistation applications because in 
these instances the selection time remains 
a constant and the over-all equipment is 
materially reduced. 

The best known method of anticipating 
trouble is to make visual inspections of the 
equipment. This inspection enables the 
maintainer to determine the cleanliness of 
the equipment and permits an observation 
as to the regularity of operation of the 
operating relays. 

Mr. Pattison raises a point which should 
be generally digested by the industry at 
large, that is, the elimination of overspecial 
features and requirements. If this thought 
is carried out it will generally make for a 
reduction in cost and a simpler equipment. 

Present-day supervisory control equip- 
ments have outgrown the audible type be- 
cause it is generally accepted that a con- 
tinuous indication of the position of re- 
motely disposed devices is far better than 
to have an operator dial for a supervision 
and depend entirely upon his hearing to 
determine the exact position of the device. 

Mr. George’s contribution to this paper 
indicates the confidence in this type of 
equipment by those operating companies 
who have had previous experience with 
supervisory control, 

The reliability of this type of equipment 
and its freedom from maintenance service 
has been demonstrated by the number of 
successful installations now in operation. 
It is felt that in view of present field experi- 
ence the need for a removable jack-type 
relay where the relays are grouped becomes 
unnecessary. 
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Transmission Features of the New 


Telephone Sets 


By A. H. INGLIS 


ASSOCIATE A\EE 


Synopsis: The new telephone instruments 
now being introduced by the Bell System 
result in an outstanding improvement in 
transmission performance in service. The 
evidence for this, as obtained by compre- 
hensive laboratory and field tests, is pre- 
sented here, together with a discussion of 
the factors responsible for this superior 
performance and of the consideration in- 
volved in its appraisal. 


EW TELEPHONE instruments are 
being applied in the plant of the Bell 
System to the desk stand, wall set, and 
handset, and result in markedly improved 
transmission performance. The new in- 
struments are associated with the anti- 
sidetone feature which is also applied to 
the older sets already in plant. The 
selection of these particular designs from 
the wide choice made possible by new de- 
sign technique, materials, and manufac- 
turing methods, has been based on de- 
velopments in the methods for quantita- 
tively rating the relative merits of dif- 
ferent designs. In general, there has been 
consistent effort over a period of years, to 
base these ratings primarily on perform- 
ance in service rather than on laboratory 
tests. 

The factors influencing service perform- 
ance are so many, and so complicated in 
their relationship, and are in so many 
cases difficult or even impossible for the 
designer to evaluate or control, that their 
net effect on performance cannot be pre- 
dicted with certainty by laboratory 
methods. Of necessity, such methods in- 
volve a limited selection of primary test 
conditions, and an even more limited 
selection from the possible combination 
of these conditions. This is particularly 
true in the rating of the transmission per- 
formance of a telephone set. Laboratory 
tests are essential in the study and 
analysis of design problems, and are in- 
valuable similarly in interpolating, supple- 
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menting, and explaining service perform- 
ance results. In determining the re- 
action on the user of the transmission fea- 
tures of possible designs, however, the 
field performance test has been found of 
first importance in deciding what particu- 
lar characteristics to include in the new 
telephone instruments and circuits. 


Important Transmission 
Characteristics of the New 
Telephone Sets 


The specific transmission design fea- 
tures of the new instruments, are described 
elsewhere.! The purpose here, therefore, 
is to discuss primarily the outstanding 
improvements in performance resulting 
from the application of the new instru- 
ments and the antisidetone feature which 
has been available for some time. 

These improvements are 


1. Those due to the station circuit, which, 
as compared with the previous station 
circuit, 


a. Largely reduce the efficiency of the sidetone 
path between transmitter and receiver, without 
materially affecting the electrical efficiency of the 
set in transmitting or receiving. This means that 
sounds, either noise or speech, which are picked up 
by the transmitter, are reproduced in the receiver 
of the same set at a much lower level. 


b. Reduce the susceptiveness for certain types »f 
party line sets to interference with reception by 
noise set up by power transmission systems. 


2. Those due to the physical characteristics 
of the transmitter and receiver. 


Several of these features have been 
available for some time, and have, of 
course, been introduced into the plant as 
they became available. The new trans- 
mitter and the antisidetone circuit, for 
example, have been standard for some 
years and have already been installed in 
large numbers. 

Figure 1 shows both the new handset 
and the desk-stand forms of mounting, 
including all these features as integral 
parts of their design. The new desk- 
type transmitter and receiver can, of 
course, be used with wall sets. 

The schematic drawing of figure 2 in- 
dicates the general arrangement of parts 
in the new station transmission circuit for 
either type of set. 

In describing the results produced by 
these transmission features, and the 
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methods employed in measuring and 
rating these results, it seems desirable to 
include some discussion of the character- 
istics of a telephone conversation as dis- 
tinguished from a direct, face-to-face con- 
versation, so that the various effects of the 
new circuits and instruments may be seen 
in as correct relative proportion and as 
generally comprehensible form as pos- 
sible. 


Some Elements of the Station 
Transmission Problem 


In either a telephone or direct conver- 
sation, successful communication depends 
on the characteristics of the talker and of 
the listener, and their reactions to each 
other and to the character of their sur- 
roundings. In a direct conversation 
such, for example, as across a desk, the 
environment is in general the same for 
both talker and listener, and their ears 
are materially aided by their eyes. Ina 
telephone conversation, however, not 
only may the surroundings of talker and 
listener be entirely different, but a third 
element, the telephone system, is added 
to the environment of each user, which 
complicates his reaction, not only to his 
own surroundings, but also to the other 
party to the conversation. Further- 
more, for obvious economic reasons, the 
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natural binaural reception of direct con- 
versation, with its advantages in discrimi- 
nating between sounds from different 
directions, is replaced in the telephone 
conversation by a monaural medium. 
Fundamental differences of this kind 
between telephone and direct conversa- 
tion must be taken into account in the 
design of a telephone transmission system 
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_if satisfactory results are to be obtained. 


For example, the talker is accustomed in a 
direct conversation to regulate his talking 
volume by what he himself hears under 
prevailing noise conditions (which in- 
cidentally are the same for the listener), 
by the ease with which he hears the other 
party, and by the ease with which the 
listener appears to hear him. By ex- 
perience, under ordinary conditions, the 


- first factor mentioned, the loudness with 


which the talker hears himself, probably 
comes to be the primary control on his 
talking volume. 

These various factors also serve to regu- 
late talking volumes in conversation by 
telephone, but their magnitudes and the 
relations between them differ from the 
condition of face-to-face air-path conver- 
sation and vary from one type of tele- 
phone connection to another. For ex- 
ample, the “‘sidetone’ of the telephone 
set, being materially higher than the air- 
path sidetone, deceives the talker, not 
only by making him think he is talking 
louder than he really is, but also by ap- 
parently modifying the noise conditions 
under which he is talking in the pickup 
and amplification of room noise by his 
telephone transmitter. Since, in addi- 
tion, the efficiency of the telephone cir- 
cuit itself may be different in the two 
directions of transmission, the loudness 
heard by one party may differ more from 
that heard by the other than in the case 
of air transmission. Then, too, noise 
conditions may be and frequently are 
quite different at the two ends of the 
telephone circuit. Figure 34 shows the 
probability of noise of various average 
intensities at subscribers stations as de- 
termined by several surveys covering a 
large number of locations. On the as- 
sumption that any one of the stations rep- 
resented by these data may with equal 
probability call any other one, figure 
3B has been computed, showing the prob- 
ability of noise at the two stations of a 
telephone connection differing by more 
than a certain amount. It will be noted 
that there is about an even chance of the 
noise at the two ends differing by more 
than 12 decibels. In view of these differ- 
ences, a person’s judgment of how well he 
is heard and understood cannot be as di- 
rect as in the case of air transmission. 

In addition, the transmission over the 
commercial telephone system affects the 
quality of the received speech more than 
the usual room surroundings in air-path 
transmission. While acoustic resonance 
and reverberation in a room do distort 
speech, in the extreme case to a point 
where understanding may be difficult, 
uch a condition is distinctly unusual. 
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Equal freedom from distortion in a tele- 
phone system is a more difficult and ex- 
pensive condition to obtain than in direct 
conversation a few feet from a listener. 
Something less than perfect reproduction 
must suffice, for the present anyway, if 
costs are not to be prohibitive. 

All of these differences involve the ac- 
quiring by the user of a set of telephone 
habits which differ from those he has ac- 
quired in direct conversation. The prob- 
lem of the transmission design of a prac- 
tical telephone system requires, then, for 
a satisfactory solution, not only a de- 
termination of the proper speech levels 
to be delivered, and of the sidetone char- 
acteristics which will, under the condi- 
tions of a telephone conversation, give 
optimum results with the noise encoun- 
tered, but also a decision as to what par- 
ticular frequency range and characteristic 
to choose. Properly designed, a tele- 
phone transmission system should mini- 
mize, to the degree consistent with costs, 
its inherent differences from direct con- 
versation, and make it easy for the or- 
dinary user to get, without undue effort, 
results which are satisfactory to him in 
comparison with direct conversation. 

In the earlier days of telephony, the 
problem presented appeared much sim- 
pler. It was, in effect, unidimensional, 
calling primarily for more efficient in- 
struments and circuits; more and more 
power delivered to the listener’s ear. 
While methods for the control of side- 
tone were not unknown, the importance 
of such control was not fully appreciated. 
Little choice was available in the quality 
of reproduction provided by transmitter 
and receiver, because of meager design 
knowledge. 

Relatively recent, and quite rapid de- 
velopments in knowledge of the problems 
involved, in materials, methods, and 
measuring facilities, have now presented 
the necessity for a solution in essentially 
a three-dimensional form. These three 
dimensions may be described as volume, 
noise, and quality. The solution of the 
problem on this basis is obviously more 
difficult, and has required the develop- 
ment of methods for quantitatively evalu- 
ating and rating their characteristics in 
terms of some common yardstick. 


Methods of Rating Transmission 


For reasons already suggested, such a 
yardstick must be based on service per- 
formance—on the results obtained by 
actual users in the course of day-to-day 
telephone service. 

Extensive investigation has indicated 
that the best comparative measure of this 
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transmission performance in local ex- 
change service is to be found in the time 
rate of the occurrence of repetitions re- 
quired by subscribers for understanding 
telephone conversations.” Or, more ex- 
plicitly, when two transmission condi- 
tions have the same repetition rates, all 
other service factors being equal, these 
conditions are taken to be equal with re- 
spect to transmission performance. 
Where two conditions are not alike it is 
usually possible to evaluate the difference 
in the repetition rates for the same users 
by inserting distortionless loss in the 
better condition until both have equal 
repetition rates. 

Thus, by taking as a reference, a typical 
telephone circuit of specified make-up, 
the effects of various factors such as dis- 
tortion, noise, attenuation, sidetone, or 
type of instrument, may all be expressed 
in the common terms of the reference cir- 
cuit trunk which will give the same 
repetition rate. 

Instead of making this adjustment in 
every case for the purpose of evaluating 
the relative performance of different test 
conditions for the same users, the evalu- 
ation may be made rather closely over a 
limited range by the following typical re- 
lation derived from repetition observa- 
tions on circuits containing trunks, the 
losses of which were varied over a range of 
values. 


db = 5O logiR:/Rz (see reference 3) 


where FR, and R, are the repetition rates 
of two conditions under comparison, and 
the db figure is the change in the reference 
trunk which has the same relative effect 
on the repetition rate. 

Such a method is, of course, somewhat 
cumbersome, and requires a large amount 
of data to iron out random variations and 
individual peculiarities of little general 
interest. But as the fundamental rating 
method, supplemented by laboratory 
test, it has been systematically used in 
studying the value of the antisidetone 
circuit and in selecting instrument charac- 


teristics. 
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Supplementing the repetition observa- 
tions, it has been found useful in service 
rating to obtain data on speech levels de- 
livered to the line for each condition ob- 
served. This has been done with the 
volume indicator, a vacuum-tube volt- 
meter so designed that the reading is ap- 
proximately proportional to mean syl- 
labic voltage.4 The information thus ob- 
tained is useful not only in analyzing the 
results of service tests but in determining 
typical values for speech levels, necessary 
for laboratory tests. 

Laboratory tests are of two general 
types, objective measurements and sub- 
jective tests. Transmission measure- 
ments cover a wide field with objectives 
ranging from the physical analysis and 
study of different designs, to the deter- 
mination of over-all performance char- 
acteristics of structures and systems. It 
is these latter tests that we are more par- 
ticularly interested in here, as most de- 
scriptive of the physical properties of im- 
portance in providing telephone trans- 
mission service. 

Subjective tests in the laboratory may 
be said to be midway between physical 
measurements and field performance 
tests. Made under controlled and some- 
what artificial conditions, they indicate 
quantitatively the capabilities of a tele- 
phone system in transmitting articulate 
speech under the particular conditions of 
the test. They cannot, of course, indi- 
cate the relative probability of occurrence, 
and hence importance, of these different 
conditions, nor predetermine how well 
the subscriber will avail himself of the 
capabilities provided. 

Consideration of some of the results of 
investigations in both laboratory and 
field will do much to explain the rather 
large transmission improvement realized 
by the introduction of the new sets in 
actual service, particularly if examined 
with the conditions of a direct conversa- 
tion as a basis of comparison. 


The Station Circuit 


There are two characteristics of the 
new station circuit of particular impor- 
tance from a transmission standpoint. 


REDUCTION OF SIDETONE 


The first is the antisidetone induction 
coil through which the transmitter and 
receiver are coupled to the line. This 
coil comprises, in addition to three trans- 
former windings, a balancing network. 
The circuit, made up of the four elements, 
transmitter, receiver, line, and network, 
coupled by the transformer, functions in 
such a manner that the transmitter and 
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receiver are in conjugate relationship, 
that is, voltages produced by the trans- 
mitter are balanced out and do not affect 
the receiver. Theoretically, such a cir- 
cuit, with pure resistance elements, can 
be perfectly balanced at all frequencies 
with complete elimination of sidetone, 
and at the same time be as efficient as can 
any transformer coupling in an invariable 
telephone set,® for the transfer of power 
from the transmitter to the line, and from 
the line to the receiver. 

This type of circuit is not new in prin- 
ciple, and many varieties are known and 
have been described.6 Many of these 
arrangements, for one reason or another, 
are not suitable for application. Some, 
for example, call for impedances of trans- 
mitters or receivers differing widely from 
those available. Certain others are not 
economical for common battery service, 
where the transmitter must receive its 
battery supply from the line. Still 
others require relatively complicated and 
expensive cording and switchhook ar- 
rangements. The circuit which has been 
chosen for general common battery sub- 
scriber station application, and shown 
schematically in figure 2, is not only as 
simple and as easily adapted to Bell Sys- 
tem conditions as any, but permits a 
coil design which is economical to manu- 
facture as well as efficient in performance. 
Other types of antisidetone circuit have 
been adopted for local battery station 
service and for operators’ telephone sets. 

The theory of operation of this anti- 
sidetone circuit has already been dis- 
cussed elsewhere.’ It is intended here to 
show the general purpose of the applica- 
tion, some of the considerations involved 
in the design, and the kind of results ac- 
complished. 

While in theory, complete elimination 
of sidetone is possible, as well as ideal ef- 
ficiency of transformation, in practice, 
neither objective can be entirely realized. 
The unavoidably wide variations in line 
impedance looking from the set, ranging 
from high positive to high negative phase 
angle, and from a few hundred to more 
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than a thousand ohms in magnitude, to- 


gether with other practical departures 


from ideal conditions, necessitate a choice 
between a high degree of sidetone bal- 
ance, and the standardization of a mini- 
mum number of coil designs. The varia- 
tions in loop length and resistance, by 
their effect on transmitter battery supply, 
and consequently on transmitter resist- 
ance, furthermore cause variations in the 
absolute transmitting and sidetone ef- 
ficiency of the terminal set, which must 
be taken into account in the station cir- 
cuit design. 

The actual design chosen is so arranged 
as to favor sidetone balance on average 
and shorter loop conditions where trans- 
mitter battery supply is greater, with 
consequent higher sidetone, and to favor 
transmitting and receiving efficiency on 
longer loops where battery supply is low. 
Since loop losses are greater for transmit- 
ting than for receiving because of trans- 
mitter battery supply loss, the ratio of 
the transformer is such as to favor the 
transmitting efficiency of the set some- 
what in comparison to the receiving ef- 
ficiency. This has the advantage of 
raising the transmitted speech level fur- 
ther above line noise. The same idea, of 
course, was followed in the design of the 
sidetone set. 

The resultant antisidetone circuit 
adopted and here discussed, as compared 
with the sidetone circuit previously in 
general use, when equipped with the same 
transmitter and receiver and on the same 
loop and trunk, reduces sidetone on the 
average by about ten decibels. Under 
the most unfavorable conditions of use, 
the reduction is unlikely to be less than 
about seven decibels compared with 
the corresponding sidetone connection. 
Under the best conditions of balance en- 
countered the reduction may be as much 
as 12 decibels. On the effective basis of 
transmission the average net improve- 
ment in transmission which results is 
about six decibels. 

From the electrical circuit standpoint 
alone, the efficiency of the antisidetone 
arrangement is below that of the sidetone 
set in the order of about one or two deci- 
bels in transmitting and in receiving, 
which is necessitated by the limitations of 
practical design and circuit conditions 
discussed above. 

Figures 4a and 4b show for transmitting 
and receiving, respectively, the difference 
in efficiency, with respect to frequency, 
of the antisidetone set from the sidetone 
set, each with the same instruments. 
Two subscriber loop and trunk conditions 
are shown, an average loop and trunk, 
and a long cable connection. 
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_ Figure 4c shows the variation in side- 
tone reduction with frequency, of the 
new set as compared with the correspond- 
ing standard sidetone set, for the same 
two circuit conditions as above. The 
curves are indicative of the effect of varia- 
tion of circuit impedance on sidetone 
balance, in changing not only the mag- 
nitude, but the frequency range in which 
the best balance occurs. 

Data of this sort alone do not, of course, 
indicate the relative transmission per- 
formance of the two sets. The beneficial 
effect on the telephone user of the large 
reduction in sidetone must be evaluated 
on the same yardstick as the losses in 
transmitting and receiving efficiencies 
which, in the practical case, accompany 
this reduction in sidetone. McKown 
pand Emling have shown the effect of 

changes of this sort on the -results ob- 
_ tained by the ordinary telephone user, in 
_ terms of net effective transmitting and re- 

ceiving loss, as determined by service 

observations. Their data, shown in fig- 

ure 5, are relative to the sidetone of a ref- 

erence set. The heavy solid lines are 
_ the original experimental data, the dotted 
extensions to these curves being extra- 
polated. 

In addition to the original ordinates, 
others are shown which are of interest. 
They are based on the results of loudness 
balance tests, and while not perhaps of 
great precision, do approximately indi- 
cate the relationship of the sidetone of a 
telephone conversation to that for direct 
speech, and illustrate the differences in the 
effects of sidetone for transmitting and for 
receiving. 

On each curve are indicated the aver- 
age sidetone value of the standard side- 
tone and the new antisidetone set, each, 
as before, with the new transmitter and 
receiver. There is also shown the range 
of sidetone for each type of set, within 
which practically all service conditions 
will fall. This indicated range takes into 
account not only variations in sidetone 
balance due to line impedance variations, 
but changes (with loop resistance) in 
battery supply to the transmitter. It 
should be noted that in only a few cases 
is the absolute sidetone of the antiside- 
tone set on the worst sidetone conditions, 
as high as or higher than that of the side- 
tone set on the best sidetone conditions, 
and then only by a small amount. Fur- 
thermore, in spite of the wider variations 
in sidetone of the antisidetone set, these 
variations are over a range such that the 
resultant variations in effective losses 
are smaller than for the sidetone set. 

Considering figure 5a, it will be noted 
that for either sidetone or antisidetone 
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sets, the sidetone is louder than for natu- 
ral speech sidetone, which, as noted be- 
fore, makes the user think he is talking 
louder than he actually is. The average 
sidetone reduction of ten decibels for the 
antisidetone set results in less of this re- 
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Figure 5. Effects of sidetone on user of 
telephone 


straint on his talking level, with a re- 
sultant net effective gain in transmitting 
of about four decibels compared with the 
sidetone set. 

In receiving, figure 5b sidetone intro- 
duces an effective loss by the reproduction 
in the telephone ear of room noise picked 
up by the transmitter. It will be noted 
that for the antisidetone set, the repro- 
duced noise is in general appreciably lower 
than the room noise itself. Inasmuch as 
room noise also interferes directly with 
received speech in the telephone ear by 
leakage under the receiver cap, the con- 
tribution to the total noise of the side- 
tone pickup of the antisidetone set is in 
most cases small. This is not true for 
the sidetone set, where in many cases the 
sidetone noise may constitute the prin- 
cipal interfering noise. The resultant net 
effective gain in receiving is about two 
decibels compared with the sidetone set. 

This is a good illustration of the type of 
information which can be obtained only 
from a field study. For example, the 
relationships indicated on figure 5 are 
dependent on how far away from the 
mouthpiece of the transmitter and at 
what level the speaker talks, and on how 
tightly to his ear he holds the receiver. 
These in turn are resultants of all the 
conditions of the particular telephone 
conversation. If incoming levels are so 
high as to be uncomfortable, the receiver 
may well be held farther away from the 
ear. In that event, of course, the side- 
tone conditions of the set become rela- 
tively less controlling. The weight, size, 
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and shape of the instrument in his hands 
may similarly affect the subscriber’s use 
of it, the results he gets, and the relative 
importance of various factors of telephone 
design. ; 

For such reasons, not only must labora- 
tory performance tests be supplementary 
and subsidiary to field tests, but addi- 
tional field tests must be the basis for 
determining the effect of any major 
changes in design, whether or not those 
changes are electrical, acoustical, or 
purely mechanical. 

Considerations of this sort emphasize 
the importance of having clearly and ex- 
plicitly in mind the conditions and rela- 
tionships of direct conversation, as a 
general reference for the interpretation 
and explanation of the effects of tele- 
phone design on telephone conversations. 
The sidetone ordinates of figure 5, for ex- 
ample, not only suggest the difference in 
function of the antisidetone circuit in 
transmitting and receiving, but also em- 
phasize the fact that the over-all side- 
tone resulting from the combination of 
circuit, instruments, and method of use, 
is the important factor rather than the 
sidetone circuit efficiency only. Such 
matters are easily lost sight of, if design 
is not properly co-ordinated in its correct 
perspective. 

The reduction of sidetone provided by 
the antisidetone sets is of further ad- 
vantage in two rather different ways. 

In attaching a transmitter (which is an 
amplifier) and a receiver, to a common 
handle which mechanically couples the 
two, a condition is set up in which the 
gain under certain conditions may ex- 
ceed the loss in the path made up of 
handle, air, and electrical sidetone cir- 
cuit. Sustained oscillation, or howling, 
will then result between transmitter and 
receiver. Even if this point is not 
reached, but is approached within six 
decibels or so, impairment of quality re- 
sults from incipient oscillation. The 
greater sidetone circuit loss of the anti- 
sidetone circuit provides an additional 
margin of safety against any such con- 
dition. 

The granular carbon of the transmitter, 
and the design of the transmitter itself 
must be carefully controlled, or seri- 
ous noise—transmitter ‘“‘burning’’—will 
cause noise in the receiver of the set. 
The mechanical and electrical wear and 
tear of service tends to make this trans- 
mitter noise worse. In the new trans- 
mitters this “burning” has been kept at a 
low inherent value throughout life. The 
antisidetone circuit, however, provides a 
margin of safety against the small amount 
remaining, so that with this set there is 
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Figure 6. Ringing arrangements for party-line 
service 


less likelihood of transmitter noise caus- 
ing impairment of reception. 


REDUCED SUSCEPTIVENESS 
TO INTERFERENCE 


It will be noted from the schematic 
circuit drawing figure 2 that two conden- 
sers are used in the new sets, one in the 
antisidetone transmission circuit, and a 
separate one with the ringer. In some 
types of party-line practice, the ringer of 
the set is connected for some parties from 
one side of the line, and for the others from 
the other side to ground. 

Figure 6 shows schematically two such 
ringing arrangements during the condi- 
tions of conversation, 6a as used in the 
new sets, and 6) with one condenser com- 
mon to transmission and ringing circuits. 
It will be noted that in the standard cir- 
cuit adopted (figure 6a), if any longitu- 
dinal noise voltages exist between the 
central office and station grounds, there is 
an equal voltage drop from each side of 
the line to ground through the ringing 
paths (assuming the two ringer condenser 
paths to be identical). The voltage drop 
across the terminals of the talking set is 
therefore zero and no noise results. 

If the arrangement of figure 6b, cor- 
responding closely to previous designs, 
were used, however, this condition would 
not obtain. The condenser of the sta- 
tion in use being common to the trans- 
mission circuit as well as the ringing cir- 
cuit, the noise voltage drop across this 
condenser is introduced in the transmis- 
sion circuit. In addition there are other 
paths to ground from each side of the line 
through the transmission circuit which 
are not of equal impedance. The net re- 
sult is a residual noise current through the 
receiver of the talking circuit. 

In the actual case, the impedance of 
all ringers and condensers is not identical 
and there are often more parties con- 
nected to one side of the line than the 
other. Even under these relatively un- 
favorable conditions, however, the two- 


610 TRANSACTIONS 


condenser arrangement adopted reduces 


the susceptiveness of the set to interfer- 


ing noise by as much as 15 decibels. A 
further material reduction is realized by 
the high impedance of the ringer used in 
the new sets, so that in most cases inter- 
fering noise at grounded ringer stations 
will not differ materially from that at 
individual stations where the ringer is 
bridged across the line. 

It is interesting to note that this im- 
provement is realized at little additional 
cost, since the transmission condenser, 
which must be of relatively high capaci- 
tance, is permanently bridged by the trans- 
mitter, so that it is protected from ex- 
posure to any large voltages, and may be 
of cheaper construction and smaller in 
size than would otherwise be the case. 
The ringing condenser on the other hand, 
while it must be constructed to withstand 
higher voltages, may be of relatively 
small capacitance, which gives more uni- 
form and better ringing and dialing per- 
formance. 


Characteristics 
of Transmitter and Receiver 


Since the individual design character- 
istics of the new transmitter and receiver 
ate discussed elsewhere,! attention here 
will be centered on the over-all effects of 
these characteristics in the complete 
transmission system, as indicated both 
by laboratory and by field test. As 
stated before, the problem may be more 
or less arbitrarily separated into three 
correlated problems—volume, quality, 
and noise. 

As in the case of sidetone, these prob- 
lems appear, perhaps, more nearly in a 
proper perspective, if considered in com- 
parison with the corresponding factors ina 
direct conversation. It must be remem- 
bered that telephone service does not 
consist in the provision of a mechanism, 
per se, but in the provision of facilities 
for conversation, to which the mechanism 
should be incidental, however important. 
Since the inherent conditions of such a 
conversation are quite different in many 
respects from those of a direct conversa- 
tion with which, consciously or uncon- 
sciously, it will be compared in its over- 
all results, the parallelism in detail should 
not be too exact. Departures from the 
conditions of direct conversation in cer- 
tain respects which are relatively un- 
avoidable, may be best compensated for 
by deliberate departure in certain other 
respects. For example, the physical ab- 
sence of one party to the telephone con- 
versation, and the monaural nature of 
such a conversation, may be partially 
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compensated for by delivering to the ear 
of the listener a somewhat higher speech 
level than he is accustomed to in direct 
conversation. The limitation of fre- 
quency band width imposed on the tele- 
phone medium, largely for economic rea- 
sons, may be minimized in its effects if the 
transmission characteristics in the avail- 
able band are other than a facsimile of the 
corresponding band in direct conversa- 
tion. All such measures must be em- 
ployed with knowledge of their effect on 
the ultimate objective, that the telephone 
conversation may be easy and natural. 


GENERAL REQUIREMENTS 


It is easily seen that for any particular 
over-all frequency characteristic of a 
telephone transmission system, there are 
practically an infinite number of ways in 
which it can be split up between trans- 
mitting and receiving characteristics. 
From this standpoint alone, then, there 
is no particular “‘best’’ transmitter or re- 
ceiver frequency response. From other 
standpoints, however, certain general 
types of individual characteristics, both 
in frequency and efficiency, are to be pre- 
ferred to others, particularly when con- 
sidered in their practical application to an 
already existing telephone system. It 
has been pointed out? that, in general, de- 
velopment has been toward a telephone 
system where both transmitter and re- 
ceiver are relatively uniform in their fre- 
quency characteristics. Induced noise 
appears to be so evenly distributed with 
frequency that such response would not 
appear to magnify the interference prob- 
lem. 

Transmitting efficiency should be as 
high as required to keep the speech well 
above induced noise but not so high as to 
cause excessive crosstalk into other tele- 
phone circuits. The maximum desirable 
received level is determined for a given 
telephone system by the limitations of the 
human ear in accepting with comfort 
speech levels above a certain intensity. 
Finally, the practical necessity of working 
as satisfactorily as possible in conjunc- 
tion with the telephone transmitters, re- 
ceivers, and sets in the existing plant dur- 
ing the period of transition, places a prac- 
tical limitation on the amount of change 
that is desirable in relative levels of either 
transmitting or receiving. 

With regard to frequency range, pre- 
vious work! indicated the desirability of 
designing circuits to transmit frequencies 
from 200 or 300 cycles up to about 3,000 
cycles. Gains in articulation and natu- 
ralness are realized by increases in this 
band width, but are progressively smaller 
for successive equal increments in fre- 
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quency. A 3,000-cycle band properly 
used gives good transmission both in 


articulation and naturalness, but  fre- 


quency limitation is essentially an eco- 


- nomic one, subject to change as conditions 


_ change. 


Recent work on the new multi- 
ple-channel carrier systems has indicated 
justification in these systems for provid- 
ing a somewhat wider band, from about 
150 to about 3,500 cycles." 


OVER-ALL FREQUENCY RESPONSE 


In describing the frequency character- 
istic of a transmission system it has be- 
come customary to refer to it as more or 
less ‘‘flat,’’ where “‘flat’’ is assumed to be 
synonymous with “perfect”’ as far as the 
relative transmission of various fre- 
quencies is concerned. In measurements 
of the elements of an electrical circuit, from 
which this terminology came, the word 
is useful since, when the measurements are 
properly made, at any rate, the basis of 
comparison implied by the word “‘flat’’ is 
generally understood. This is also true, 
although probably to a more limited ex- 
tent than is generally realized, when the 
term is applied to electroacoustic trans- 
mission systems, where free progressive, 
plane air waves of various frequencies are 
transferred to an electrical system, or 
vice versa, by means of microphones or 
loud speakers. 

In the case of a telephone system, how- 
ever, where a transmitter is placed close 
to the lips, and a receiver directly to one 
ear, and where the air waves are not free 
progressive. or plane, use of the word 
“flat” implies a basis of comparison 
which is not self-evident. Much effort 
has been given recently to establishing an 
appropriate reference system, sufficiently 
simple in concept and ease of specification, 
to be useful in this connection. The re- 
sult of this work has been a reference tele- 
phone system which, when spoken into, 
would give the listener in all respects es- 
sentially the identical sensation he re- 
ceives in one ear when facing the speaker 
directly, with an air path one meter long 
between the speaker’s mouth and the lis- 
tener’s ear, in surroundings without re- 
verberation or noise. Such a reference 
transmission system has tentatively Leen 
called an “‘orthotelephonic”’ system. 

The point of interest here is that when 
measured by any suitable objective 
method, the frequency characteristic of 
this ‘‘orthotelephonic”’ telephone reference 
system is not “‘flat’” by a considerable 
amount in the ordinarily accepted usage of 
the term. This departure from “flatness” 
is caused by such factors as the frequency 
directive characteristic of the mouth, 
cavity resonance of the ear, and disturb- 
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ance of the sound field by the head. The 
individual contribution of some of these 
factors is not as yet definitely determined. 

Furthermore, for reasons mentioned, 
it is not self-evident that a practical tele- 
phone system of limited frequency range, 
should be “flat” with respect to the cor- 
responding frequency bandin this more 
or less basic orthotelephonic system 
which is not limited in frequency range. 
Having decided on the band width that 
is desirable and justifiable, it must still 
be determined, therefore, what particular 
frequency characteristics are preferable in 
this band. 

In selecting from the many possible 
choices, the particular frequency re- 
sponse that seems best, several factors 
must be taken into account. This has been 
done by a study (under the conditions 
of actual service) of the relative results of 
several different experimental instrument 
designs, varying in frequency character- 
istics. The over-all frequency character- 
istics of the resultant choice are indicated 
for two typical circuit conditions in figure 
7. These measurements were made with 
the artificial mouth and ear” and are 
plotted with reference to corresponding 
measurements on an orthotelephonic ref- 
erence telephone system. For compari- 
son. the results of similar tests of the 
earlier Bell System handset!* are shown 
also. 

In considering these over-all telephone- 
system frequency-response characteris- 
tics in the light of previous discussion, 
there are several points of interest: 


1. The large increase in response at both 
higher and lower frequencies with respect 
to the older handset, which in itself was a 
notable advance in this respect over pre- 
vious types. This increase amounts to ten 
decibels or more from about 200 to 500 
cycles and from about 1,700 to 3,000 cycles. 
This wider frequency range gives better 
naturalness of reproduction. 


2. The type of the response. The general 
uniformity and absence of any marked 
resonance or irregularity is obvious. For 
either average or long loops the entire band 
from about 300 to over 3,000 cycles lies 
within a range of 15 decibels. It will be 
noted, however, that, for the average con- 
dition, the response at the higher fre- 
quencies (1,500-3,000 cycles) is distinctly 
above that for the frequencies below 1,500 
cycles. This characteristic aids materially 
in the understanding of the low-intensity 
consonant sounds. The response on the 
longer loops would undoubtedly be corre- 
spondingly better if the high frequencies 
were raised so that the over-all characteristic 
more nearly resembled that for the average 
condition shown. It should be remembered, 
however, that for a standard set, to be used 
on all loop conditions, a response designed 
solely for the long loop, with its large loss 
at high frequencies, would be distinctly 
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“tinny”? and disagreeable ¥ in quality on 
average or short loops. 

3. The materially smaller losses in the 
transmitted band for the average telephone 
connection than for the orthotelephonic 
system. Even for the long loop conditions 
the losses are no greater than for this ortho- 
telephonic system up to about 2,200 cycles. 
In other words, for a large majority of tele- 
phone calls the received speech level will be 
higher for the same talking level than in the 
case of direct conversation at one meter 
distance. The desirability of this in a 
monaural system of limited frequency range 
has already been indicated. 


Combined Effects 
of Circuit and Instruments 


The part played by the antisidetone 
circuit in permitting better utilization by 
the subscriber of the capabilities of the 
telephone system, in increasing the level 
of received speech, and minimizing the 
effect of noise is summarized by the illus- 
trative power level diagrams in figure 8, 
using typical values of room and line 
noise and other conditions. 

The data shown were obtained by ob- 
jective measurements with the artificial 
mouth, sound level meter, volume indica- 
tor, and artificialear. Frequency weight- 
ings appropriate to the levels involved 
were employed in the sound level meas- 
urements. 

Figure 8a shows, for the antisidetone 
set, the losses between the talker and 
listener under average room noise and 
circuit conditions. Figure 8b gives cor- 
responding information for the sidetone 
set. For comparison, an approximate 
level diagram is shown also for direct 
speech. The relative speech levels at 
the transmitter for the two telephone 
conditions were adjusted to give volume 
indicator readings on the line in accord- 
ance with the results of service observa- 
tions. The upper curves in each drawing 
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Figure 8. Power-level diagrams of typical 
telephone connections 


are for speech and the lower for noise 
picked up by the transmitters. 

At the transmitting end, the lower 
sidetone of the antisidetone set results in 
higher talking levels, with about four 
decibels higher speech level at the input 
to the circuit. In the over-all circuit, 
this gain is increased by the receiving 
end effect of the antisidetone circuit in 
minimizing the effect of room noise. 

The total noise in the telephone ear, 
as shown on the drawing, has as its princi- 
pal contributing factors, 


1. Leakage of noise under the receiver cap. 


2. Noise picked up by the transmitter and 
returned via the sidetone path and receiver 
to the listener’s ear—termed ‘“‘return noise.” 


3. Circuit noise. 


4, Room noise picked up at the far end and 
transmitted over the circuit. 


The different relative contribution of 
the “return noise” for the two sets is of 
interest. The net result is a total noise 
in the telephone ear, lower than the ac- 
tual room noise for the antisidetone set, 
and higher for the sidetone set. 

For the circuit and room noise con- 
ditions shown, the ratio between re- 
ceived speech level and noise is about 25 
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decibels for the sidetone condition, and 
35 decibels for the antisidetone. The 
corresponding ratio for air transmission 
to one ear under the conditions shown is 
the order of 20 decibels. 


Results of Laboratory and 
Field Performance Tests 


It has been seen that the new sets are 
superior in volume and in minimizing 
the disturbances of noise. The frequency 
measurements just discussed have indi- 
cated marked superiority also in the 
quality of reproduction. 

One measure of the effect of this re- 
duced distortion is by means of the artic- 
ulation test. Such tests have shown that 
for a typical telephone system equipped 
with the new telephone sets, 95 per 
cent of the letter sounds spoken into the 
transmitter are correctly understood by 
the listener. With air transmission, 98 
or 99 per cent of letter sounds are cor- 
rectly understood. The difference is 
almost entirely due to the broader fre- 
quency band transmitted by the air 
path. 

With the final designs of the new sets, 
tests have been made by the methods de- 
veloped for determining ‘‘effective”’ trans- 
mission. The results of these tests 
have shown that the new sets under the 


Inglis—Telephone Sets 


conditions of actual service provide a 
marked advance in transmission per- 
formance. The average total transmit- 
ting and receiving gain is about 15 decibels 
on the effective basis of transmission, as 
compared to sets of the sidetone type 
used with the older type of instruments.'* 


Conclusion 


In general, it appears that the notable 
transmission improvement which has 
been achieved in the design of the new 
telephone sets, in their freedom from dis-. 
tortion, higher effective volume, lower 
sidetone, and general convenience in use, 
makes possible a closer approach to the 
ease of a direct conversation than has 
hitherto been possible commercially. 

Undoubtedly, further improvements in 
station transmission performance will, 
as in the past, be forthcoming with ad- 
vances in the technique of design and 
manufacture, and in further knowledge 
of the requirements of the problem. 


References 


1. INSTRUMENTS FOR THE NEW TELEPHONE SETS, 
W.C. Jones. Presented at the summer conven- 
tion, Washington, D. C., June 21, 1938. Published 
in 1938 AJEE Transactions (October section), 
pages 559-64. 


2. RATING THE TRANSMISSION PERFORMANCE OF 
TELEPHONE Circuits, W. H. Martin. Bell System 
Technical Journal, volume 10, January 1931, pages 
116-31. 


3. SCIENTIFIC RESEARCH APPLIED TO THE TELE- 
PHONE TRANSMITTER AND RECEIVER, E. H. Col- 
pitts. Bell System Technical Journal, volume 16, 
July 1937, pages 251-74. 


4. SprecH PowER AND ITS MEASUREMENTS, 
L. J. Sivian. Bell System Technical Journal, 
volume 8, October 1929, pages 646-61. 


5. TRANSMISSION CIRCUITS FOR TELEPHONIC 
Communication, K. S. Johnson. New York, D. 
Van Nostrand Company, Fourth Printing, 1929, 
page 105. 


6. MaxtmumM OuTPuT NETWORKS FOR TELEPHONE 
SUBSTATION AND REPEATER Circuits, G. A. Camp- 
bell and R. M. Foster. AIEE TRANSACTIONS, 
volume 39, pages 231-80 (1920) (Discussion, 
pages 280-90). 


7. AN EXPLANATION OF THE COMMON BATTERY 
ANTI SIDETONE SUBSCRIBER SET, C. O. Gibbon. 
Bell System Technical Journal, volume 17, April 
1938, pages 245-57. 


8. A SySTEM OF EFFECTIVE TRANSMISSION DATA 
FOR RATING TELEPHONE Circuits, F. W. McKown 
and J. W. Emling. Bell System Technical Journal, 
volume 12, July 1933, pages 331-46. 


9. TREND IN DESIGN OF TELEPHONE TRANS- 
MITTERS AND RECEIVERS, W. H. Martin and 
W. F. Davidson. Bell System Technical Journal, 


volume 9, October 1930, pages 622-7. 


10. TRANSMITTED FREQUENCY RANGE FOR TELE- 
PHONE Messace Circuits, W. H. Martin. Bell 
System Technical Journal, volume 9, July 1930, 
pages 483-6. 


11. TRANSMITTED FREQUENCY RANGE FOR CrIR- 
CUITS IN Broap Banp Systems, H. A. Affel. Bell 
System Technical Journal, volume 16, October 
1937, pages 487-92, 


12. A Vorce AND EAR FoR TELEPHONE MEASURE- 
MENTS, A. H. Inglis, C. H. G. Gray, and R. T, 
Jenkins. Bell System Technical Journal, volume 
11, April 1932, pages 293-317. 


13. DEVELOPMENT OF A HANDSET FOR TELEPHONE 
Stations, W. C. Jones and A. H. Inglis. Bell 
System Technical Journal, volume 11, April 1932, 
pages 245-63. 


ELECTRICAL ENGINEERING 


MEMBER AIEE 


HE co-ordination of telephone and 

power systems has been studied for 
about 15 years under the auspices of the 
Joint Subcommittee on Development 
and Research of the Edison Electric 
Institute and the Bell Telephone System. 
Until 1935 the noise frequency studies on 
distribution systems related chiefly to the 
types of systems employed in urban and 
suburban areas.' Between 1935 and 
1937, the work was extended to include 
tural power and telephone systems, which 
differ in several respects from the systems 
employed in urban areas. Measure- 
ments of power circuit influence and tele- 
phone circuit noise were made on a 
“number of representative rural systems 
‘in Nebraska, Iowa, Michigan, Ohio, 
Indiana, and Virginia, with the co-opera- 
tion of the operating companies. These 
tests were supplemented by a theoretical 
analysis of the problem. 

The investigation of the joint subcom- 
mittee indicates that it is generally prac- 
ticable to secure satisfactory co-ordina- 
tion of power and telephone facilities in 
rural areas from the noise standpoint with 
the types of power and telephone systems 
ordinarily employed when the inductive 
influence of the power circuits and the 
inductive susceptiveness of the telephone 

‘circuits are properly controlled. Such 
control of influence and susceptiveness 
includes the following: 


1. Maintenance of relatively good voltage 
wave shape on the power system (i.e., har- 
monics arising in generators, transformers, 
and loads confined to relatively small 
magnitudes). 
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2. Suitable distribution of the loads and 
lengths of single-phase branches among the 
phases of three-phase power circuits. 


3. Use of metallic telephone circuits with 
series and shunt unbalances to ground main- 
tained within reasonable limits. 


4. Suitable transposition of the telephone 
wires with respect to the power line. 


5. Use of the higher impedance type of 
ringers where grounded ringers are required 
for party line service. 


In particular cases, special co-ordina- 
tive measures may need to be employed 
in order to secure satisfactory condi- 
tions. The purpose of this paper is to 
discuss the factors affecting the induc- 
tive influence of rural power circuits and 
the inductive susceptiveness of rural tele- 
phone circuits. A summary is included 
of the more promising co-ordinative meas- 
ures at present available for use in par- 
ticular situations where such may be re- 
quired. No attempt is made to present 
the large body of experimental and theo- 
retical material which has been collected 
during this study, since this is available in 
other publications.’ 

The types of power distribution cir- 
cuits usually encountered in rural areas 
are illustrated in figure 1, with the types 
of three-phase main lines and single- 
phase extensions indicated separately. 
A distinction is made between single- 
phase extensions directly connected to 
three-phase systems and those supplied 
through a step-down or step-up trans- 
former. The latter arrangement is fre- 
quently used to provide an extension 
of different type or voltage from an ex- 
isting system. In the systems tested 
during this study, these single-phase 
supply transformers ranged in capacity 
from 15 to100kva. Insome cases, three- 
phase rural distribution systems serve also 
as lower voltage transmission systems 
supplying power to small towns in which 
a lower primary voltage is used. 

The power distribution circuits in ur- 
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ban or suburban areas are generally rela- 
tively short and operate at high load den- 
sities. In rural areas, however, the dis- 
tribution circuits tend to be longer and 
to operate at lighter load densities. On 
rural lines, therefore, harmonic charging 
currents and propagation effects, which 
are usually negligible in urban areas, 
may become of primary importance. The 
connected capacity of single-phase load 
transformers on the circuits tested ranged 
between 2 and 20 kva per mile of circuit. 
The lengths of the three-phase circuits 
tested ranged up to 65 miles, and indi- 
vidual single-phase extensions as long as 
30 miles were encountered. 

The inductive influence of a power sys- 
tem from a noise standpoint is determined 
by the magnitudes of the balanced and 
residual harmonic voltages and currents 
existing at various points. That portion 
of the harmonic residual current which 
returns in a path remote from the line 
conductors is often termed the “‘ground- 
return” current. The telephone in- 
fluence factor (7.J.F.) of a power system 
current or voltage* 4 in an inductive ex- 
posure is used as an index of the influence 
of that particular current or voltage on 
the noise-frequency induction in the 
exposed telephone circuits. It is the 
usual practice to express the influence of 
a current in terms of the product of its 
magnitude in amperes times its 7.I.F., 
this product being abbreviated as I:T. 
Similarly the influence of a voltage is 
expressed as the product of its magni- 
tude in kilovolts times its 7\J.F., this 
quantity being abbreviated as Ku-T. 
These terms are used in this paper to ex- 
press the influence of the balanced and 
ground-return currents, and balanced 
and residual voltages of rural power cir- 
cuits. 

Co-ordinated tests in exposure sections 
at roadway separations have shown that 
ground-return harmonic currents and har- 
monic residual voltages are generally the 
controlling factors in the influence of 
rural distribution circuits, rather than the 
corresponding balanced components. In 
exposures to the main power line, or 
whenever several miles of line extend 
beyond the exposure, the wave shape and 
magnitude of the ground-return current 
(I:T) is usually the controlling factor 
in the over-all influence. For exposures 
near the end of a main line, or at any 
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point along a short single-phase extension, 
the wave shape and magnitude of the 
residual voltage (Kv:T) is usually the 
most important factor. Therefore, these 
residual components are of chief interest 
in any discussion of the influence of rural 
power circuits. 


Residual Harmonic Voltages 


Residual voltages appear on three- 
phase power systems operated isolated 
from ground (figure 1A) as a result of 
the action of the balanced voltages on the 
unbalanced impedances-to-ground of 
the phase conductors. These impedances 
depend chiefly upon the length of circuit 
connected to each phase. Consequently, 
the residual voltages on a three-phase 
isolated system tend to be least when 
equal lengths of extensions are connected 
to each phase. Practically no residual 
voltage exists on a single-phase circuit 
supplied through a single-phase trans- 
former and operated isolated from ground 
(figure 17). 

On three-phase systems operated with 
grounded neutral, residual harmonic volt- 
ages may either (1) be impressed directly 
upon the system, as in the case of triple 
harmonic voltages arising in direct- 
connected generators or a wye-wye trans- 
former bank without tertiary delta, or 
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(2) arise as a result of the action of bal- 
anced voltages upon unequal impedances- 
to-ground of the line conductors or con- 
nected loads. On single-phase exten- 
sions consisting of a phase wire and multi- 
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grounded neutral, the residual voltage is 
substantially equal to the phase-to-neu- 
tral voltage, since the neutral is at ground 
potential. The same is true of a uni- 
grounded extension at the point where 
the neutral is grounded. However at 
points remote from the grounding point, 
the harmonic voltage from the neutral 
wire to ground may be comparable with 
the harmonic voltage from the phase 
wire to ground. The vector sum of the 
two voltages-to-ground (residual voltage) 
may therefore be considerably different 
from the voltage between the phase and 
neutral wires. ; 
The range of residual Kv-T measured 
on various types of rural power circuits, in 
relation to the corresponding phase-to- 
ground Ko-T, is indicated in table I. 


Ground-Return Harmonic Currents 


The components which may contribute 
to the ground-return current (J-7) in a 
rural power line may be conveniently 
classified as: 


(a) Harmonic charging currents. 


(b) Harmonic components of the load cur- 
rent. 


(c) Harmonic exciting current components 
arising in transformers and harmonics 
originating in connected loads. 


The equivalent circuits of figure 2 il- 
lustrate the behavior of these three com- 
ponents on different types of single-phase 
lines. In the case of circuits 2A and 2B, 
the ground-return J:T is practically all 


Table |. Summary of Influence of Rural Power Circuit Voltages 
Namber Voltage Phase-to-Ground Rati Res. KvT 
Cates T.LF. Ky-T ati? ph-Gnd Kv-T 
Type of Power Circuit Tested Avg. Min. Max. Avg. Min. Max. aAyg. Min. Max. 
Three phase—11-13 ky 
Three-wire delta............. Desa LS ies hams sv mew aes BT ig da raciee  AGeROe 0.14 
Four-wire-uni—from A-Y 
Beles, 248 1205, 6.5 sere aealerei on ad ects 17 7 36 124 Oar ZO Osa ciel ol mete 0.16 2.1 
Four-wire-uni—from direct 
connected generator... iy... Suess + Use Gis a 24 95 OOE eZ OR rmedlond inert 1.3 2.2 
Four-wire-multi—from A-Y 
Bankes is J <5 csver ee ae oun) o emeeet Late nel aa. 8 62 151 GOR 200k ONO eae 0.4 1.8 
Four-wire-multi—from direct 
connected generator iameee Gare veldane Gore 19 106 70 £505 a7 1b / Sie 0.92 2.138 
Single phase directly connected 
to three aes 
11 kv Delta.. Cami sea LO 24 127 9S. aOr ss alOe 
756 dete Deltasoba ey sae nee ish ae os eae gel SO, ee Sh se 
LUb sb Rota tase Aten cele fi gant oh Wy frame ke: 3 22 1285. 110 165.5. 12035. 1: Ome EROS 
IMATE ors anvspaeettopodenane Ae ata EY fertecst Ca ape 29a SO) LO) ere Ly: Oem LO See lO) 
2iB: EVE Sle Behe. sees te. chee enna e Oli ok 4 Ones One elias 55. . 0-49... .0,540. 2.062 
TEL 40.5. cee eae SRE Ricks GRO POC ROL. aes 46... 39. 5 Gisgnteclej Oeoenaehe 10. ee LeO 
MitahEl an sancoeataes aasew aise he soem e Lise Oto eo 49... 46 S6.cd SOLeeee we LO: cane. 220 
Single phase supplied through 
transformer 
69-7 2ukvy: Isolated samuiimmrenemileannsiee LT ngoiavan Sapevsetwaennte SG: cess Ge 0.006 
Uant: isaneatenins 32S eee SOC LOxniee Oo 276... .105 660...1.0 1.0 Bee et) 
aN GOUG Ugean ce Ziers Gary cy bed 8 Restorer Bien dlMipn ss Meta Pe Bon a Bec tsOno oll cooilat) 55.7.0 
4.8 kv Isolated yamaha OORT OS SS So: 90...0.034. 0.034. . .0.036 
LU ot MMe RANG then. Bich bake opie Aiea Lee OM LOU 64: 280...1.02 ONS eG 
NEGLG I Ak ori eee one flo olla Osea 5 bo keels oll 0) 1.0 Fires C0) 
2.4 kv [solaccde eens Deena 40...385... 45 467... 40% 52 ONG 0.015...0.02 
Wat. Saath see eae nts Sienna Ce! eo Maa sO - MOS 10 . 0.93 
Malti... cera agetie: 40...13 55 OBic CON, LEW; 6 lO 1.0 Soke 
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due to charging current, the load and 


if 


exciting currents being confined to the 


function of the residual voltage impressed 
on the circuit and the impedance-to- 
ground, which in turn is dependent on the 
extent of the system. The impedance- 
oC of these systems is not affected 


the presence of load, or harmonics gen- 
erated in loads. 

In the case of the multigrounded cir- 
cuit (figure 2C), the ground-return J-T is 
contributed to by harmonic components 
of (1) ground-return charging currents, 
(2) load currents, and (3) transformer 
exciting currents. 

The magnitude of the ground-return 
charging current component at any fre- 
quency depends upon the voltage im- 
pressed on the ground-return circuit and 
on the impedance-to-ground? of the cir- 
it, neglecting loads, as seen from the 
point where the voltage is impressed. 
Sample curves of the calculated im- 
pedance-to-ground of a single-phase line 
are given in figure 3, showing the effect 
of frequency and circuit length. The 
maximum current results when the cir- 
cuit length is such that series resonance 
‘(quarter wave length) occurs at the par- 
ticular frequency in question. The 
higher the frequency, the shorter will be 
the circuit length for which resonance 
occurs. 

Comparing the curves of figure 3 for 
the multigrounded and unigrounded con- 
dition, it appears that the impedance-to- 
. ground of the shorter multigrounded cir- 

cuits (i.e., less than quarter wave length) 
vis higher han that of the comparable uni- 
grounded circuit at any given frequency. 
This is one reason for the decrease in the 
-ground-return charging current which 
often results when a circuit is converted 
from unigrounded to multigrounded op- 
eration. An additional effect results 


Table Il. Average Ground-Return I-T and 

180, 300, and 420-Cycle Currents in Single- 

Phase Multigrounded Circuits Due to Trans- 
former Exciting Current 


Primary Ground-Return* I-T and 
Mils in Ground Per Kilovolt-ampere 
of Connected Single-Phase Trans- 


former 
Mils, Mils, Miéils, 
Primary 180 300 420 
Voltage I-'T Cycles Cycles Cycles 
met00F wears O-6e. 225.0 1S ee OS 
ESOO!) . syeraye OnStar a0 0.6 .0.15 
6,900-7,600.....0.2....1.7 0.4 0.10 


* These ground-return values are taken as 60 per 
cent of the phase values. 
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Table Ill. 


Summary of Influence of Rural Power Circuit Currents 


rr 


Numbe: 
Cases 
Type of Power Circuit 


Three phase—11-13 ky 
Three-wire delta 


NOM eck waar Her key hee sas 
Four-wire-uni—from A-Y banks Maas Gate. 
Four-wire-uni—from direct con- 

mected generator: foc eenchs vce 9 13 6 
Four-wire-multi— from  A-Y¥ 
|S) RR IMes ay eee LOT A eats 
Four-wire-multi — from direct 
connected generators........... ee aie) 
Single phase directly connected to 
three phase 
Gomer. 0 Ky. Delta, cai y occas Latietd Qenncetars 
Unl oo a@uentensbattucts Grek, 14 
WEGIES, tehitus AY Ve Peer 1l 
2.3 kv Deltareavy ents sont in 8... 28 8 
TRE atic aroha oe eerie Ste CS ake: 
CG ATURE GPR SRS ace tice Fuca drt (2 19 
Single phase supplied through 
transformer 
6\0=7 (2 kyilsolated... ics oceess Lchra il Unkavietate ze 
AO he ye a ae A Biss oo 16 
NEES cai Rais Ratan LQ oer de 
4.8kv ASOIRTEN fod cha suvinin' es cre enc La vow 
LUE Rae Se rere rarer ye Comps orgy 3 
RTE Lo Cpa eR een a nS LON OG ee dd 
2.4 kv Related fo cunesceihr its 2, ..40...85 
LO pet 2 eg ee Re Sign Gat weenwie 
1S, Gk OR 9 eee ee ns a lpn SU, Eile: 


from the reactive component of the load 
current, which combines with the charg- 
ing current at such an angle that further 
reduction in the ground-return current 
may result in the multigrounded case. 
In cases where the conversion results in 
changes in the residual voltage, or where 
the system is extensive (between quarter 
and half wave length), the change from 
uni- to multigrounded operation may 
either decrease or increase the ground- 
return charging current at a particular 
frequency. 

As indicated in figure 2C, on a multi- 
grounded circuit the loads are in parallel 
with the capacitance-to-ground and the 
ground-return components of the load 
and transformer exciting currents, there- 
fore, add vectorially to the ground-return 
harmonic charging currents. In the 
case of multigrounded single-phase cir- 
cuits having phase and neutral wires 
of the same size and material and of the 
usual configurations, about 60 per cent 
of the phase current returns through the 
earth and the remaining 40 per cent in 
the neutra' wire. This division holds 
for the charging current as well as for 
the load and exciting components. 

In the single-phase unigrounded line, 
large phase displacements occur between 
the phase wire, neutral wire, and ground- 
return currents. Consequently the 
ground-return J:T expressed in per cent 
of the phase J-T may range from about 
40 to well over 100 per cent. For the 
fundamental frequency and the lower 
harmonics, the percentage of phase cur- 
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Voltage T.I.F. 
Tested Avg. Min. Max. Avg. Min 
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rent returning in the ground is smaller 
in the unigrounded than in the multi- 
grounded circuit. 

Table II summarizes the average 
exciting ground-return 7-T and the in- 
dividual ground-return current com- 
ponents at 180, 300, and 420 cycles per 
kilovolt-ampere of connected  trans- 
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(A) Circuit consisting of two phase wires 
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GROUND- 
RETURN 


LOAD AND 
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(B) Circuit consisting of one phase wire and 
unigrounded neutral 
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CHARGING 
CURRENT 


i Ig | - 
(CHARGING, LOAD 2g=T- 
g 
AND EXCITING 
CURRENTS) 


(C) Circuit consisting of one phase wire 
and multigrounded neutral 


Figure 2. Schematic circuits of single-phase 
rural power lines 
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Figure 3. 


former capacity which may be expected 
on multigrounded single-phase extensions 
operating at various voltages. These 
values are based on a transformer having 
a root-mean-square exciting current of 
five per cent of the rated fullload cur- 
rent, and increase or decrease approxi- 
mately in proportion as this percentage 
is greater or less than five per cent. They 
are based on average harmonic exciting 
currents, in per cent of root-mean-square 
exciting current, of 40, 10, and 2.5 per 
cent at 180, 300, and 420 cycles, respec- 
tively. 

The relative magnitudes of the three 
components contributing to the ground- 
return I-T of a rural line operated with 
multigrounded neutral are usually such 
that the charging currents tend to con- 
trol on the loriger and higher voltage cir- 
cuits, while the load and exciting current 
components are apt to predominate on 
the shorter and lower voltage circuits. 
For a given impressed residual voltage, 
the ground-return charging current of a 
circuit operated with multigrounded 
neutral is usually somewhat less than 
that of the same circuit operated uni- 
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grounded. Consequently, where the 
charging current is controlling in the mul- 
tigrounded case, the inductive influence 
tends to be less for multigrounded neu- 
tral than for isolated or unigrounded neu- 
tral operation. Conversely, where load 
and exciting currents become the con- 
trolling factors under the multigrounded 
neutral condition, the influence is usually 
greater for multigrounded operation. 

The range of ground-return J:T ob- 
served on a number of rural lines of 
various voltages and types is indicated in 
table III. In this table the ground- 
return J-T is expressed in terms of the 
corresponding phase J:T. The range of 
phase J-T and voltage 7.J.F. observed 
in the various systems is also given for 
reference. 


Comparison of Influence of 
Different Types of Systems 


The relative influence under average 
wave shape conditions of different neu- 
tral grounding arrangements for systems 
of a given voltage class may be sum- 
marized as follows: 


(1) THREB-PHASE SYSTEMS 


In the 6.9 to 13.2-kv voltage range the in- 
ductive influence of an extensive three- 
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C. CIRCUIT CONSISTING OF ONE WIRE WITH GROUND RETURN. 


illustrating 
induction and susceptiveness of rural tele- 
phone circuits 


Figure 4. Schematic diagrams 


phase four-wire rural distribution system 
with metallically connected single-phase 
extensions is on the average, about the same 
for either multigrounded or unigrounded 
neutral operation. In this voltage range, 
the influence of the three-phase three-wire 
delta circuits tested was within the limits 
observed on multigrounded and unigrounded 
neutral four-wire systems. 

In the 2.3 to 4-kv voltage range the induc- 
tive influence of four-wire multigrounded 
neutral rural systems is generally somewhat 
higher than that of four-wire unigrounded or 
three-wire systems. 


(2) SrncLp-PHASE EXTENSIONS 


In the 7-kv class single-phase exten- 
sions connected either metallically or 
through transformers have a somewhat 
lower influence for multigrounded neutral 
operation than for unigrounded operation. 
Extensions consisting of two-phase wires 
metallically connected to a_ three-wire 
system have an influence comparable to the 
unigrounded extension. 

Extensions in the 4.8-kv class have 
generally about the same influence whether 
operated unigrounded or multigrounded. 

In the 2.3-kv class the influence of multi- 
grounded neutral extensions is generally 
greater than for those operated unigrounded. 

In all voltage classes, extensions supplied 
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t] rough Bree ia transformers and oper- 

d isolated from ground have a very much 
lower influence than those operated uni- 
grounded or multigrounded. 


It is difficult to make similar com- 
parisons between systems operating in 
different voltage classes because the 
different voltage classes tend to have 
omewhat different fields of application, 
resulting in differences in line length and 
load density. 


Characteristics of Rural 
Telephone Circuits 


Most of the telephone circuits used in 

ral areas are of the magneto type, al- 
though some common battery lines are 
encountered. From the noise co-or- 
dination standpoint, there is one funda- 
mental difference between the magneto 
circuit and the common battery circuit 
in that the former is generally ungrounded 
at the central office end, while the latter 
is grounded through the central office 
cord circuit. The significance of this 
difference will be brought out in the 
brief summary, given below, of the proc- 
esses by which noise induction takes 
place. For the sake of simplicity, this 
discussion is confined to electrically short 
lines. 

Schematic diagrams illustrating (A) an 
exposed metallic telephone circuit having 
a high impedance-to-ground and (B) a 
similarly exposed circuit operated with a 
low impedance-to-ground, are shown in 
figure 4. 

Electric induction appears as a noise 
potential (Vg in figure 44) between the 
_ exposed telephone conductors and ground. 
This potential is a function of the har- 

monic voltages on the power conductors, 


the mutual capacitances C; and (:, and - 


the impedance-to-ground of the telephone 
circuit. In the case of a telephone cir- 
cuit isolated from ground, as in figure 
4A, the noise potential to ground tends 
to be relatively high, the noise current 
flowing to ground through the capacti- 
tance-to-ground of the circuit. Where 
one end of the telephone circuit is 
grounded, as through the cord circuit on a 
common battery line (figure 4B) or 
through the capacitance-to-ground of an 
appreciable length of entrance cable, the 
noise potential to ground due to electric 
induction may become very small. In 
this case a noise current (J;) flows over 
the two conductors in parallel toward the 
low-impedance ground. 

Magnetic induction appears as a 
noise voltage (e and és, figure 4A) acting 
in the longitudinal circuit of the tele- 
phone line. The induced voltage is a 
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function of the harmonic currents in the 
power line and mutual inductance be- 
tween the power and telephone con- 
ductors. The impedance of the telephone 
longitudinal circuit controls the magni- 
tude of the resulting longitudinal current. 
Where the impedance-to-ground is high, 
as in figure 44, the magnetically induced 
voltage-to-ground divides between the 
two ends of the circuit roughly in pro- 
portion to their impedances-to-ground. 
Where one end of the circuit is grounded, 
the entire induced voltage appears at the 
other end. 

In the case of electric induction, dif- 
ferences in the capacitances C, and C; re- 
sult in a difference of potential between 
the two telephone conductors, thus giv- 
ing rise to a metallic-circuit noise cur- 
rent known as the ‘‘direct metallic’ in- 
duction. Differences between the mag- 
netically induced voltages e; and e: simi- 
larly result in a ‘direct metallic” compo- 
nent of magnetic induction. Telephone 
circuit transpositions tend to equalize 
the capacitances C, and C, and the volt- 


Figure 5. Noise 100 


ground-return circuit is usually of the or- 
der of 100 times that in a reasonably well 
balanced metallic circuit under similar 
exposure conditions. 

In addition to the component of noise 
induced directly between wires, metallic- 
circuit noise may also occur as a result of 
the action of longitudinal induction on 
circuit unbalances. These may be either 
series impedance unbalances (Z in figure 
4) or shunt admittance unbalances (Y 
in figure 4), The more common sources 
of series unbalances in rural circuits are 
high resistance joints and certain types 
of switching circuits used in common 
battery offices. Shunt unbalances may 
arise as a result of contacts between line 
wires and trees, from faulty insulation, 
from the ringers associated with certain 
types of station sets where grounded ring- 
ing is employed, or from certain types of 
central office apparatus, 

Considering first the effects of electric 
induction, in figure 4A, where the central 
office end of the circuit has a high im- 
pedance-to-ground, the voltage-to-ground 
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ages e¢, and e, and may thus greatly re- 
duce the noise due to “direct metallic in- 
duction.” 

In the case of a ground-return circuit 
(figure 4C) the current-to-ground due to 
electric induction (z) flows directly 
through the station sets, while the voltage 
due to magnetic induction (e) acts on a 
longitudinal circuit which includes the 
impedances of the station sets. Ths 
accounts for the fact that the noise in a 
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NOISE IN RECEIVER 
NOISE -TO-GROUND 


appears across the shunt admittance 
(Y) and contributes a component of 
noise in the metallic circuit. In this case 
the effect of a series unbalance (Z) is 
small. However, where the circuit has 
a low impedance-to-ground, as in figure 
4B, the voltage-to-ground due to electric 
induction is negligible, and the effect of 
the admittance unbalance (Y) is small. 
In this case, as pointed out above, the 
induction produces a current-to-groun d 
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and this current acts upon the series un- 
balance (Z) to produce a metallic-circuit 
current. 

In the case of magnetic induction, the 
full longitudinal voltage appears across 
the admittance unbalance (Y) when the 
circuit is grounded at the central office 
(figure 4B). If Y is relatively small, 
the longitudinal current will be relatively 
small and its effect on the series unbal- 
ance (Z) is unimportant. If there is a 
low impedance-to-ground at each end of 
the circuit, the longitudinal current may 
be appreciable, and the effect of (Z) be- 
comes important. 

The effects of unbalances may be sum- 
marized as follows: shunt unbalances 
tend to be important where electric in- 
duction controls the noise in circuits op- 
erated isolated from ground, or where 
magnetic induction is important, par- 
ticularly when the circuit is grounded at 
the central office and such unbalances oc- 
cur near the far end of the line. Series 
unbalances may be important where elec- 
tric induction acts on a circuit grounded 
at one point, or in the case where mag- 
netic induction acts on a longitudinal 
circuit having a low impedance at each 
end. The effects of these unbalances 
may be minimized by employing higher 
impedance ringers, balanced central office 
equipment, and by reasonably adequate 
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(A) Schematic diagram 


(B) Equivalent circuit—capacitor off 
Z, = |Impedance of source and transformer 


Zz, = |Impedance to residuals of line 


(C) Equivalent circuit—capacitor on 


Figure 6. Shunt capacitors for improving 
wave shape of rural power lines 


maintenance of the open-wire circuits. 
In some cases special measures, discussed 
below, may be employed. 

The cumulative per cent curves in the 
upper portion of figure 5 indicate the 
range of noise observed on a large number 
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of rural magneto telephone circuits ex- 


posed to various types of power circuits. 
No attempt is made to differentiate be- 
tween, the effects of the different types of 
power systems involved. An indication 
of the relative influence of these different 
types of system may be obtained from 
tables I and III. The effects of the lower 
impedance ringers in increasing the re- 
ceiver noise are indicated in figure 5. 

The ratio of receiver noise to noise-to- 
ground (noise current to ground through 
100,000 ohms) is frequently used as an 
index of the balance of a telephone cir- 
cuit. This quantity has been calculated 
for the rural circuits tested and the re- 
sults are plotted in the lower portion of 
figure 5. 


Co-ordinative Measures 


Co-operative planning by those re- 
sponsible for the development and opera- 
tion of power and telephone systems is 
important in rural areas as well as in ur- 
ban and suburban areas.!. The general 
co-ordinative measures outlined in the 
introduction to this paper are discussed 
in somewhat more detail below. Cer- 
tain specific measures which may be 
helpful in certain types of situation are 
also described. None of these measures 
is universally applicable. The measure 
or combination of measures best suited to 
a given case can be determined only when 
all the various factors are known. 


Power System Measures 


One of the factors controlling the in- 
ductive influence of a rural power circuit 
is its wave shape. The problem of co- 
ordinating rural power and telephone 
systems is usually simplified if the mag- 
nitudes of the harmonics impressed on 
the power circuits by either the supply or 
load apparatus are relatively small. 
One method of improving the wave shape, 
by means of shunt capacitors, is discussed 
later. 

As previously pointed out, the har- 
monic exciting currents of single-phase 
transformers may be of importance in 
the inductive influence of multigrounded 
distribution circuits, particularly those 
operating in the lower voltage ranges. 
The magnitudes of these harmonic com- 
ponents can be controlled to a consider- 
able extent in both the design and ap- 
plication of the transformers. Tests 
indicate that there is a rapid increase in 
the harmonic components of the exciting 
current of a transformer when the rated 
fundamental frequency voltage is ex- 
ceeded. It is therefore desirable to avoid 
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impressing excessive voltages on trans- 
formers, particularly when they are con- 
nected to the lower voltage multigrounded 
circuits. 

On three-phase distribution systems, 
reductions may often be effected in the 
inductive influence if the lengths of single- 
phase extensions as well as the amounts 
of single-phase loads are balanced among 
the various phases in so far as practicable. 
Field experience has indicated, however, 
that where relatively large harmonics 
are present in the voltage wave shape of 
an extensive system, it is generally im- 


Table IV. Measured Effectiveness of Shunt 

Capacitors in Reducing Inductive Influence of 

Rural Distribution Circuits Supplied from 
Transformers 


—_— 


Case A—Six-mile multigrounded 7.2-kv_ single- 
phase extension supplied through a 25-kva 
2.3-6.9-kv transformer. Capacitor con- 
nected across 6.9-kv side of transformer. 


Capacitor (Kilovolt-amperes) None. .15 


Voltage: TIE. 2:4 Bev iccciac catsierateterets oe 20... 15, 
Voltage T.l.FO 7.2 Evian enas «a ened 74.. 5.6 
Phase I-T of 7.2-kv extension......... 390. .29 


Ground-return J:T of 7.2-kv extension 215..16 


Case B—Thirty-mile multigrounded 6.9-kv single- 
phase extension supplied through 100-kva 
2.3-6.9-kv transformer. Capacitor con- 
nected across 6.9-kv side of transformer. 


Capacitor (Kilovolt-amperes)None.. 15.. 20.. 35 


Voltage Til. P28 kevis.. one 76.25 36.5 16 seule 
Voltage 71, F. 6.9. Kvi..5... L822 325 oO neue 
Phase I:T of 6.9-kv exten- 

SIOU. 0 sisclote ee Re tee 2,130. .535..480. .285 
Ground-return J-T of 6.9-kv 

extension .<-4722014 eines 1,120. .285..260..163 


Case C—Twelve-kv three-phase four-wire multi- 
grounded system (total length 13 miles 
three phases and 27 miles one phase) fed 
from 150-kva 13.2—12-kv delta-wye trans- 
former bank. Three-phase capacitors 
connected on 12-kv side of transformer. 


Capacitor (Kilovolt-amperes per phase) Nonel5. .30 


Average phase-phase voltage T.I.F. 


43.2 BV ics te eas s asst Cae ae 20)... 16 um 
Average phase-neutral voltage T./.F. 

UD. Keys winMsieivtenin chs seers aera a sree OS en 
Average phase J: T—12-kv line...... 610..90..50 
Ground-return /- T—12-ky line...... 360. .45..30 


practicable to secure adequate reductions 
in the ground-return current components 
of a three-phase circuit by balancing the 
extensions only, without resorting to re- 
ductions in the impressed harmonic volt- 
ages. 

Power circuit transpositions afford 
an effective means of reducing longi- 
tudinal induction in exposed telephone 
circuits only if the influence is controlled 
by balanced rather than residual com- 
ponents.? In rural distribution expo- 
sures the induction practically always 
results from residual components, and 
in such cases transpositions are generally 
ineffective. Furthermore, in the case of 
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three-phase circuits, these residuals are 
usually due either to the unequal lengths 
of single-phase extensions connected to 
the various phases or to direct-connected 
generators with grounded neutrals and 
consequently are not susceptible to re- 
duction by transpositions. 


Shunt Capacitors for Reducing 
Inductive Influence 


Several situations have recently de- 
veloped in the field in which the in- 
fluence of the power lines was considera- 
bly increased by resonance between the 
leakage inductance of the supply trans- 
former and the line capacitance at or near 
one of the harmonic frequencies present 
in the impressed voltage. In such cases 
it has been found practicable to improve 
wave-shape conditions by the application 
of shunt capacitors on the rural-line side 
of the supply transformer. 

Figure 6A presents a schematic dia- 
gram of a single-phase extension sup- 
plied from a three-phase system through 
a single-phase transformer. Figure 6B 
is a simplified equivalent circuit of this 
arrangement, the voltage E representing 
the voltage at a given harmonic fre- 
quency in the wave shape of the source. 
‘Actually there are other harmonics in the 
system such as those generated by the 
supply and load transformers, or by cer- 
tain types of load. However, on rural 
lines these frequently contribute less to 
the over-all influence than the supply 
system voltages and for simplicity have 
been omitted from the equivalent cir- 
cuit. 

In rural distribution lines, particularly 

under light load conditions, the im- 
_ pedance Z, (figure 6B) is largely capaci- 
tive reactance below the quarter wave 
length frequency. Consequently, a con- 
dition of series resonance will exist at 
the frequency where the inductive re- 
actance of the source and transformer 
(Zr) is equal to the capacitive reactance 
of the line (Z,), resulting in substantial 
increases in the voltages and currents in 
the rural line at harmonics in the vicinity 
of the resonant frequency. The connec- 
tion of a suitable capacitor across the 
circuit, as indicated in figure 6C, will 
change the resonant point to some lower 
frequency, thus causing large reductions 
in those harmonics which were close to 
the resonant frequency existing before 
the capacitor was connected. In se- 
lecting? the size of capacitor for a par- 
ticular situation it is important to avoid 
establishing the lower frequency reso- 
nant point close to one of the harmonic 
frequencies present in the voltage wave 
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shape. The shunt capacitor in com- 
bination with the transformer leakage 
inductance also has a filtering action 
which tends to reduce the higher fre- 
quencies where the impedance of the 
capacitor is small in comparison with the 
impedance of the rural line. 

The degree of improvement in influence 
effected by the application of a capacitor 
depends upon the particular harmonic 
frequencies present and upon such other 
factors as the relative size of the capaci- 
tor and transformer, the length of the 
rural line, and the magnitude of harmonic 
components originating in loads. The 
results of tests of the effectiveness of 
shunt capacitors in three field situations, 
the first two involving single-phase ex- 
tensions and the third a three-phase 
line, are summarized in table IV. It 
will be noted that in all cases, before the 
capacitors were applied, the voltage 
T.I.F. was higher on the line than on the 
supply side of the transformer due to 
the resonant condition previously men- 
tioned. Substantial reductions in both 
voltage 7.J.F. and ground-return J:T 
were effected by the use of capacitors 
in these cases. 


Telephone System Measures 


Experience has indicated that the noise 
‘in transposed open-wire telephone cir- 
cuits exposed to rural power lines at 
roadway separation is apt to be con- 
trolled by the action of longitudinal in- 
duction on circuit unbalances rather than 
by direct metallic induction. In cases 
where the effects of circuit unbalances 
have been minimized and the telephone 
circuit transpositions are not co-ordinated 
with the exposure conditions, improve- 
ments in the transposition arrangement 
should result in reductions in the direct 
metallic induction and in the receiver 
noise. 

In general, station sets of the multi- 
party types on rural telephone lines are 
equipped with the higher impedance 
type of ringers, particularly where cir- 
cuits are subject to noise induction. 
The lower impedance grounded ringer is 
therefore less likely to be an important 
factor in the co-ordination problem in 
rural localities than in urban areas.! 
Since unbalance of any type may con- 
tribute to the metallic circuit noise, 
any measures taken to improve the 
balance of a rural circuit will be reflected 
in noise reduction. In some cases the 
most practicable means of reducing the 
susceptiveness of the telephone circuits 
may be the application of the special 
measures described below. 
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Drainage on Ungrounded Circuits 


As shown in figure 44, the receiver 
noise on magneto lines which are ordi- 
narily ungrounded at the central office, 
may be controlled by the action of 
voltage-to-ground from electric induction 


ISOLATED 
' MAGNETO 


CORD 
ciRcuIT * 


TO OPEN-WIRE 
LINE THROUGH 
SHORT eperRance 


(A) Use of drainage on ungrounded cir- 
cuits (noise controlled by action of longi- 
tudinal electric induction on shunt unbalances) 


L,L—Balanced retardation coil with midpoint 
grounded 


C,C—Capacitors of approximately one micro- 
farad capacitance 


* Drainage also applicable where line is 
grounded through high impedance 


GROUNDED 
COMMON 
BATTERY 
R' 


CORD 
CIRCUIT 


(B) Use of high impedance in longitudinal cir- 
cuit (noise controlled by action of longitudinal 
magnetic induction on series unbalances) 


** Repeating coil connected to offer high 
longitudinal and low metallic circuit imped- 
ance 


Figure 7. Special measures for reducing 
susceptiveness of rural telephone circuits 


on shunt unbalances such as tree leaks 
or grounded ringers. In such cases 
substantial improvement in the noise 
may be secured by the application of 
drainage at the central office end of the 
circuit, with the consequent reduction of 
the voltage-to-ground on the circuit. 
Drainage is also effective in reducing 
the 60-cycle induced voltage which is 
sometimes sufficiently large to cause 
false ringing of subscribers’ bells where 
grounded ringers are employed. Figure 
7A shows schematically an arrangement 
of a balanced retardation coil and a pair 
of balanced condensers for this purpose. 
This combination presents a low im- 
pedance to the longitudinal circuit, 
and a relatively high impedance across 
the metallic circuit. The condensers 
are provided to permit satisfactory ring- 
ing and d-c testing on the circuit. Since 
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drainage increases the longitudinal noise 
current, the use of this low-impedance 
termination may result in increased noise 
in cases where important series un- 
balances are present in the telephone 
circuit. 

Where an open-wire line enters an 
office through an appreciable length of 
cable, a degree of drainage is provided 


Table V. Effect of Drainage in Reducing 
Noise on Magneto Telephone Circuits 


Noise Measured at Subscriber’s 
Location 
(Noise Units) 


Noise in Receiver 


Central Grounded 
Office Noise Lower 
Loca- Termi- to Bridged Impedance 
tion nal* Ground Ringer Ringer 
I SOO reenter se neck 450 
aaa Gk aeess anton O+.. 0+ 
of osthecs eis A000 Vea 86 ins 500 
Bais: sm Geert (OO kanncitem OO, 65 
GOK rss Dames OO eevee 210 1,400 
Ge. hase UO Serer 150 170 
D Grose DOB erests 1,100 1,130 
Goin. Ofer si 160 160 


* 7—Central office end isolated from ground. 
G—Central office end grounded through midpoint 
of balanced termination (figure 7A). 


by the capacitance-to-ground of the 
latter. Where long entrance cables are 
involved and the open wire is conse- 
quently already effectively drained, little 
further reduction in noise would be ex- 
pected from the drainage scheme de- 
scribed above. 

Although primarily intended for use on 
magneto circuits, this drainage device 
may also find application on common 
battery circuits where noise results 
from the action of longitudinal induction 
on unbalances in the central office. In 
step-by-step offices, for example, where 
the impedance-to-ground offered by the 
central office equipment may be of the 
order of 1,000 ohms at 1,000 cycles, 
advantage may be taken of the relatively 
low impedance of the drainage device to 
reduce the voltage acting on central 
office unbalances. 

The effectiveness of this drainage de- 
vice in reducing the noise on magneto 
circuits at several locations where elec- 
tric induction controlled is demonstrated 
by the data summarized in table V. 


High Impedance in the 
Longitudinal Circuit 


In the case of common-battery manual 
circuits there may be relatively large 
longitudinal noise current flowing to 
earth through the cord-circuit ground at 
the central office (figure 4B). Where 
series unbalances are present either in 
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the line or in the cord circuit, the compo- . 


nent of metallic-circuit noise, resulting 
from the action of the longitudinal cur- 
rent on these unbalances, may be con- 
trolling. In cases where magnetic in- 
duction controls, considerable reductions 
in the longitudinal current and conse- 
quently in the receiver noise may be 
effected by inserting an inductance in 
the circuit, as illustrated in figure 7B. 
This device is so connected as to offer a 
relatively high impedance to the longi- 
tudinal circuit and a very low impedance 
to the metallic circuit... Increasing 
the longitudinal circuit impedance fre- 
quently increases the noise-to-ground 
on the circuit. Consequently, a net 
improvement in the metallic-circuit noise 
will be obtained by this method only 
where the effect of shunt unbalances is 
small. 

In some cases both series unbalances 
in office equipment and shunt unbalances 
on the line may be important. In such 
instances, use may be made of a combina- 
tion of the high longitudinal impedance, 
inserted at the central office, and the 
drainage device, discussed above, the 
latter being connected on the line side 
of the series impedance. 


References 


1. InpucTIvE CO-ORDINATION OF COMMON-NEU- 


TRAL PoOWER-DISTRIBUTION SYSTEMS AND TELE-: 


PHONE Crrcuits, J. O’R. Coleman and R. F. Davis. 
ELECTRICAL ENGINEERING, volume 56, January 
1937, pages 17-26. 


2. Engineering Report 40 of Engineering Reports 
of Joint Subcommittee on Development and Re- 
search, 


3. Engineering Report 33 of volume IV, Engineer- 
ing Reports of Joint Subcommittee on Development 
and Research. 


4. MEASUREMENT OF TELEPHONE NOISE AND 
Power WAVE SuHapPE, J. M. Barstow, P. W. Blye, 
and H. E., Kent. AIEE Transactions, volume 54, 
1935, page 1307. 


5. Engineering Report 36 of volume IV, Engineer- 
ing Reports of Joint Subcommmittee on Develop- 
ment and Research. 


Discussion 


L. F. Roehmann (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
The authors suggest the use of shunt capaci- 
tors as a means for lowering the inductive 
influence of power lines. They claim two 
favorable effects, namely: 


1. Detuning the circuit for the harmonic for which 
it is in resonance, and 


2. Short-circuiting other harmonics. 


The measurements as shown in table IV 
indicate that the reductions exceed the ratio 
10 to 1, a very satisfactory result. 

But this result is accomplished by com- 
paratively large and expensive capacitors 
(15 to 85 kva), and I wonder whether such 
expense be justified from the standpoint of 
noise co-ordination alone. 
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The aspect becomes much more favorable, 
however, if the effect on the fundamental 
is considered too. The capacitors should 
improve power factor and regulation, both 
desirable features especially in rural electri- 
fication. 

I would like to know if the authors have 
studied this point, and if they can confirm 
my considerations. 


H. E. Kent (Edison Electric Institute, New 
York, N. Y.): The paper by Messrs. Wahl- 
quist and Taylor has presented the rural co- 
ordination problem as it affects metallic 
telephone circuits. I should like to refer 
briefly to some co-ordinative measures 
which can be used where ground-return tele- 
phone circuits are involved. These are pre- 
dominately measures applicable to the tele- 
phone system, since the measures already 
described for application to the power sys- 
tem effect approximately the same degree 
of reduction in influence whether metallic 
or ground-return telephone circuits are in- 
volved. However, it should be borne in 
mind that a ground-return circuit is in- 
herently of the order of one hundred times as 
sensitive to induction as is a metallic tele- 
phone circuit. Consequently, while the 
power system measures already described 
greatly simplify co-ordination with metallic 
telephone circuits, in many situations addi- 
tional measures will be required in the co- 
ordination of ground-return telephone cir- 
cuits. 

The improvement of wave shape by means 
of capacitors described in the paper is ob- 
tained by preventing the higher frequency 
harmonics in the source of supply from 
reaching the rural distribution system. In 
one of the cases where this method was ap- 
plied it was found that, after the capacitors 
were connected at the supply substation, 
various small motors supplied by the rural 
distribution system still introduced appreci- 
able harmonics, the effects of which were 
amplified by line resonance conditions. 
While this was not sufficient to disturb 
metallic telephone circuits, it resulted in ap- 
preciable noise in the ground return cir- 
cuits. Application of an additional bank 
of capacitors to the rural circuit at a point 
about 20 miles from the supply substation 
destroyed the resonance conditions and ef- 
fected further reduction in the influence. 

Capacitors provide a means of largely 
eliminating the higher frequency harmonics 
in many situations, particularly in rural 
areas. However, it is not feasible to also 
reduce the lower frequency harmonics (par- 
ticularly 180, 300, and 420 cycles) by this 
method. Where these low frequencies con- 
trol it is possible to improve conditions by 
reducing the sensitivity of the telephone set 
in this low frequency range but with no im- 
portant change in sensitivity over the re- 
mainder of the voice frequency range. Two 
methods of accomplishing this are indicated 
in figure 1. The commonly used connection 
for a local battery telephone set is shown in 
figure 14. This is modified in figure 1B by 
shunting the receiver with an inductance of 
60 millihenries and by connecting a 0.75- 
microfarad condenser in series with the 
receiver. In figure 1C the modification 
consists of transferring the receiver from 
the line to a location across the transmitter 
winding of the induction coil, and adding a 
one-microfarad condenser in series with the 
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receiver. Field tests in several locations 
lave shown that either of these methods ef- 
fects reductions in noise of somewhat better 
than 2 to 1 on the average when the frequen- 
cies controlling the noise are in the range 
from 180 to 420 cycles. 

Similar results can be obtained by reduc- 
ing the acoustical response of the telephone 
receiver at the lower frequencies. This can 


JO LINE WIRE 


TO LINE WIRE 
U 1 
| ee 
| 


TO LINE WIRE 


Figure 1. Schematic diagrams of commonly 
used and modified connections of local- 
battery telephone set 


(A) Connection in common use 

(B) Modification employing receiver filter 

(CQ) Modification employing reconnection of 
set 


be done by punching a quarter-inch hole in 
the receiver diaphragm at a point one-third 
the distance across its diameter. Tests 
have shown that the reduction in the low- 
frequency noise thus obtained is approxi- 
mately the same as that secured with the 
electrical filters. The advantage of the 
acoustical method lies in its simplicity. It 
may have some disadvantage from a mainte- 
nance standpoint since dirt can more readily 
enter the space back of the diaphragm. 
Figure 2 illustrates the use of a ring- 
through type of repeating coil in a ground- 
- return telephone circuit to reduce noise by, 
in effect, transposing the circuit without 
materially impairing the talking and ring- 
ing efficiency of the circuit. The coil acts 
as a low-impedance drain from line to ground 
for noise currents resulting from electric 
induction. For magnetically induced cur- 
rents the coil acts as a high impedance in 
series with the line. The effectiveness of the 
coil depends to a considerable extent on 


. 
| 


POWER LINE 


TELEPHONE 


GROUND RESISTANCE 
=~— NOT OVER 25 OHMS 


Figure 2. Use of ring-through repeating coil 
to reduce noise induction in ground-return tele- 
phone line 


Note: Repeating coil connected as a drain- 

age coil—that is, so as to offer low impedance 

to equal currents in the same direction in each 
winding as indicated by the arrows 
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having approximately equal induction in 
the line on both sides of the coil, In long 
exposures, particularly where subscribers 
are distributed through the exposure, more 
than one coil may be necessary. 

In individual cases the application of 
capacitors for the improvement of the power 
system wave shape combined with a change 
in the frequency response of the telephone 
sets, or the use of repeating coils, permits the 
rendering of reasonably satisfactory rural 
telephone service over the ground-return 
line. However, as the load increases on the 
power line, and more motors are connected, 
it will become very difficult to maintain the 
extremely low influence of the power line. 
This, combined with greater demands made 
upon the telephone service, may make it 
impractical to render acceptable service 
over the ground-return line, Therefore, in 
applying these measures it must be recog- 
nized that in many situations they will offer 
only a temporary solution of the problem 
and that ultimately it will be necessary to 
“metallicize” the line. Of course, in some 
situations the growth of the service require- 
ments of both the power and the telephone 
will be such that these measures may last for 
a number of years. In other situations the 
growth of the load will be such that contin- 
ual attention will be required and “‘metalli- 
cizing’’ will necessarily follow in a very 
short time. 


J. T. Howard (Tennessee Valley Authority, 
Chattanooga): The authors have touched 
upon two vital factors contributing to power 
system influence which seemingly should be 
given more attention for the benefit of dis- 
tribution engineers. These are the ground- 
return harmonic components of transformer 
exciting currents and charging currents. 

Where the rural distribution system is ex- 
tensive, the voltage at the point of supply is 
often held 10 or 15 per cent above normal in 
order to obtain the desired secondary volt- 
age at some distant point without resorting 
to excessive use of boosters. With distribu- 
tion transformers working at high flux densi- 
ties at normal voltage, this increase results 
in excessive magnetizing current. The net 
effect is an increase in the J:T product. 
While it is true, generally, that these com- 
ponents do not control on the larger and 
higher voltage circuits, many instances 
have been observed where their effect, in an 
extensive system, was the controlling factor 
in noise induction. It appears that placing 
more emphasis on this point would be of 
material benefit to distribution engineers, so 
that they may be guided accordingly in con- 
trolling system voltages, and to manufac- 
turers, so that their transformer designs may 
be modified to allow a better tolerance for 
overvoltages. 

It has been found that the most severe 
cases of noise induction result from harmonic 
charging currents, and that exposed com- 
munication circuits require a higher degree 
of maintenance than is customary, if the 
charging circuit effects are to be minimized. 
The effects of changes in impedance-to- 
ground do not seem to be generally under- 
stood by distribution engineers, and new sys- 
tems are designed, and operating systems 
extended, without any consideration of this 
factor. In the case of systems operating 
with an I-T product within the range of 
average values, extensions may be so con- 
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nected to the system that resonance occurs 
at a frequency with a high 7.J.F. contribu- 
tion, and the J-T product increases corre- 
spondingly. In such event, the distribution 
engineer is confronted with a difficult task in 
again co-ordinating his system with ex- 
posed communication facilities. It there- 
fore seems desirable that the authors make 
available, in a concise form, the results of 
impedance-to-ground measurements which 
they have made during the past several 
years, classified as to voltage and configura- 
tion. In this manner, the problem of power 
system influence may be more readily 
understood. 


H. W. Wahlquist and T. A. Taylor: As 
mentioned by Mr. Kent, the paper is con- 
fined to the rural co-ordination problem as 
it affects metallic telephone circuits and his 
discussion of several co-ordinative measures 
applicable to ground-return telephone cir- 
cuits will no doubt be appreciated by those 
who are interested in this phase of the prob- 
lem. 

Mr. Roehmann refers to the compara- 
tively large and expensive capacitors used in 
accomplishing the reductions in influence 
listed in table IV. While it is true that the 
kilovolt-amperes of the capacitors was con- 
siderable, representing about 15 to 60 per 
cent of the kilovolt-amperes of the supply 
transformer, the expense involved was found 
to be less than that of other co-ordinative 
measures of equal effectiveness. The use 
of such capacitors increases the 60-cycle 
voltage about two to 5 per cent, but has 
little effect on the voltage regulation of the 
line. In the case of a rural line having a 
peak load of low power factor approaching 
the rating of the supply transformer, the 
capacitors would be beneficial in reducing 
the load on the transformer by reducing the 
reactive kilovolt-ampere. 

Mr. Howard feels that more emphasis 
should be placed on transformer exciting 
currents as a source of harmonics. While 
it is true that transformer exciting currents 
may control the J-T product on rural lines 
under light load conditions (in cases where 
the harmonics in the supply systems voltage 
are relatively small), the magnitude of the 
I-T product under such conditions is rela- 
tively low. On the other hand, in urban 
areas, transformer exciting currents have 
in some cases been of importance from the 
noise standpoint due, among other things, to 
the heavier load density and to different 
characteristics of the telephone apparatus. 
Mr. Howard also expresses interest in im- 
pedance-to-ground measurements on power 
systems. This is an important factor and 
has received detailed consideration. Meth- 
ods have been developed for calculating this 
impedance and have been presented, to- 
gether with measured results for a few cases, 
in reference 2 of the paper. Control of the 
magnitude of the impedance-to-ground by 
special attention to circuit layout does not 
appear likely to be of much practical im- 
portance because operating and service re- 
quirements will necessarily govern the sys- 
tem arrangement. However, as pointed 
out in the paper, it may be feasible to mini- 
mize the unbalance of the impedance-to- 
ground among the several phases of a three- 
phase system by connecting approximately 
equal lengths of single-phase extension to 
each of the three phases. 
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The Wound-Core Distribution Transformer 


By E. D. TREANOR 


MEMBER AIEE 


N THE very early days of the develop- 
ment of a-c transformers, various 
methods were tried to produce cores which 
would have the necessary characteristics 
of low loss, low magnetizing current, and 
suitable mechanical arrangements. It 
was very soon found that the most prac- 
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Improvement in hot-rolled magnetic 
steel 


Figure 1. 


Figure 2. Shell-type core 


tical form of raw material was thin iron or 
iron-alloy sheet which could be obtained 
with relatively low hysteresis loss, and 
could be cut and assembled so as to give 


relatively low eddy-current loss and 


magnetizing current. 

In this form of thin sheet, magnetic 
steel for a-c apparatus has undergone 
years of intensive development from the 
standpoint of processing and alloying, 
and steady improvement has made avail- 
able the silicon steel alloys of excellent 
characteristics which are in general use 
today. These are made by hot rolling 
in packs having maximum dimensions of 
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about three by nine feet. A graphic 
history of improvement in quality is 
shown in figure 1. 

The mechanical construction of trans- 
former cores has almost universally con- 
tinued the early practice of cutting plates 
or punchings from this sheet and building 
these pieces into massed arrangements of 
simple or complicated form around the 
aoils. Characteristic examples are shown 
in figures 2, 38, and 4. Figure 2 shows 
what is usually called a shell-type core, 
figure 3 a ‘“‘core’”’ type, and figure 4 a modi- 
fied type, which is called the distributed 
core. 

Cores made in this general fashion have 
certain objectionable features, 


(a) The pieces cannot be cut and arranged 
so that the flux path follows the grain 
orientation of the steel throughout the core 
and thus obtain the lowest loss possible. 
Reference to the sketches will show that in 
figure 2 and figure 3 appreciable parts of the 
punchings have the grain direction (shown 
by light lines) lying at some angle with the 
flux while in figure 4 practically all of the 


Figure 3. 


“Core” type core (two legs) 


punchings show an angle between grain and 
flux. Some portions carry no flux at all. 


(6) The pieces as ordinarily laid up in one 
or two thicknesses per layer have a minimum 
of two overlapped gaps in the magnetic 
circuit (where L punchings are used) and a 
maximum of four such gaps where straight 
plates are used. These gaps are dependent 
in size upon perfection of the pieces and the 
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skill of the workmen, and at best add a little 
local loss due to fringing of flux and demand 
an appreciable magnetomotive force, or in 
other terms, magnetizing current. 


(c) Large numbers of pieces must be cut 
and handled through various operations, 
such as annealing and assembly. Substan- 
tial clamping structures must also be used 
to hold the structure together but without 
undue pressure. With the usual thickness 
of 14 mils, not less than 140 pieces per inch 
of assembled thickness must be used and 
handled one or two at a time. There is 
considerable labor cost in these operations. 


(d) There is at best considerable waste. 
material in the punching and handling 
operations. In the case of L punchings so 
largely used on distribution transformers, 
multiple dies cut punchings from sheets 
welded together into a continuous ribbon 
with even less waste than when rectangular 
pieces are used but there is still an appre- 
ciable waste. 


The ‘‘Wound Core’”’ 


A radically new form of core of simple 
structure and highly efficient performance 
has recently been developed. As shown 
schematically in figure 5, it is made by 
winding a long ribbon of magnetic steel 
in a tight spiral on a mandrel into the form 
of a heavy-walled circular cylinder. This 
core construction has been designated as 
the “wound core.’”’ It eliminates or 


Figure 4. Distributed core 


minimizes most of the objections inherent 
in other types. 


(a) The flux runs with the grain direction 
throughout. All material in the core is 
active material. 


(b) There is but one effective gap in the 
magnetic circuit and this is of very short 
length and large area. 
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_ Only one or two pieces of strip steel are 
essary to make the average small core. 
: hese are prewound and assembled on 
machines at high speed. 
(4) The waste in handling and fabrication 
3 very small since each element is simply 
cut from large reels of continuous strip 
made to correct width at the mill. 


A practical core incorporating these 
and other advantages obviously presents 
a distinct advance in the design and con- 
struction of transformers to which it is 
applicable. It is the purpose of this 
paper to describe its present application 
to distribution transformers. 

As stated above, L punchings for dis- 
tribution transformers are cut from reels 
of steel made by welding together sheets 
of hot-rolled steel. Distribution trans- 
formers of the wound-core construction 
can utilize such hot-rolled steel with im- 
provement in characteristics and reduc- 
tion in cost over existing designs, but the 
wound-core construction makes it pos- 
sible to take full advantage of the prop- 
erties of cold-rolled strip of relatively 
low silicon content. This strip is char- 
acterized by high permeability and very 
good losses at high densities, and is non- 
aging. It is made by high-reduction 
rolling on a suitable mill and mechanically 
is soft and ductile when compared with 
high silicon hot-rolled sheet. It is pro- 
duced in a strip of great length. 

Figures 6 and 7 show tentative com- 
parisons of watt loss and permeability as 
compared with good high-silicon hot- 
rolled sheet. It is strongly directional 
in these properties, the losses at flux 


Figure 5. Wound core 


angles with the grain of 45 degrees to 90 
degrees being from 45 per cent to 70 per 
cent higher than with the grain. These 
properties indicate the possibility of 
operation at higher densities than are 
normal with ordinary steel, particularly 
in a core in which the magnetic material 
is worked with the grain. 
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Considering a core made up of single 
ribbon, whose grain direction runs with 
its length, wound into a circular cylinder 
and embraced by a current-carrying coil, 
it will be seen that the flux must follow 
the grain direction very closely. In 
such a core (figure 8), it will be seen also 
that each element of flux finds but one 
air gap in its path, and if the ribbon is 
tightly and uniformly wound, this gap 
will be of very small length and relatively 
great area. The result is that little 
magnetomotive force is consumed in the 
reluctance of air gaps as compared with 
other cores. 

In the practical design of transformer 
cores, flux density is limited by heating or 
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Figure 6. Watt loss of hot-rolled and new 
strip steel 
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Figure 7. Permeability of hot-rolled and new 
strip steel 


magnetizing current in large transformers 
and usually to still lower values by mag- 
netizing current alone in small units. 
The combination of a steel having high 
permeability and low losses in the high 
density range with a core structure which 
reduces the number and length of air gaps 
promises highly effective use of material, 
particularly in small-sized transformers. 

Designs for ratings of 11/o, 3, and 5-kva 
units with primary voltages of 7,620 
volts or less have been worked out and 
placed in product’on, and the promise of 
economy has been fully realized. The 
most satisfactory construction consists of 
two core elements as shown in figures 9 
and 10, linked by a simple interleaved 
coil group in secondary-primary-second- 
ary arrangement. Due to the ability 
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to work the core at higher density than 
is usual for small transformers, normal 
characteristics can be obtained with con- 
siderable economy of material and re- 
duced over-all cost in spite of the fact 


FLUX LINE 


Figure 8. Path of flux in wound core 


Figure 9. Core and coil elements 


that the new steel is at present higher in 
cost than hot-rolled silicon steel. 


Core Manufacture 


The steel for wound cores is produced 
at the mill in strips of required widths 
and great length. These strips are slit 
into multiples of desired width for various 
size cores and are shipped in reels of a 
convenient size and weight to the fac- 
tory. These reels are set up in multiple 
before a prewinding machine which con- 
sists of an accurately sized power-driven 
steel mandrel. The ends of the reels are 
attached to the mandrel which is then 
rotated, drawing the strips through ten- 
sion devices until the cores are built up 
to the desired thickness which is individu- 
ally controlled by micrometer gauges. 
Each strip is cut and temporarily welded 
to hold the core in shape during anneal. 
The whole operation is, of course, quite 
rapid as compared with cutting and stack- 
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requirements, ducts are placed between firmly gripped and held in position against 
ot within the coils, The corner ducts be- mechanical forces of short circuit. In 
tween the cruciform coil and the circular these small units, no other mechanical 
core provide satisfactory ventilation bracing for the coils is essential. 
under the core and the remainder of the 
coil is fully exposed to the oil. Method of Assembly 

The arrangement and design of the or Linkage of Cores With Coils 
coils is such as to give good transient 
voltage distribution and since the cores The two core units necessary for one 
are applied under tension, the coils are transformer and its coil group are brought 


Figure 10. Core and coil unit with clamps and 
terminals 


ing the hundreds of individual punchings 
which would be required to make equiva- 
lent cores*of the old type. The space 
factor of the wound core is materially 
higher than with assembled punchings, 
reaching values of 95 per cent to 96 per 
cent. 

The cores are annealed through a cycle 
which has been developed for this new 
material and are then delivered to the as- 
sembly room. It should be noted that 
the equipment necessary for putting the 
core into shape for assembling consists of a 
single core-winding machine as against 
an otherwise large investment in heavy 
high-speed punches and punching dies. 
The operation of gathering and stacking 
punchings for anneal is eliminated and 
several operations of grouping punchings 
by weight and number after anneal are 
eliminated. 


Figure 11. Wound core and coil ready for Figure 12. First operation 
assembly 


Coils Figure 13. Annealed core partially unwound Figure 14. Annealed core completely un- 
wound 


The coils for these small transformers 
are of more or less normal design. They . 
are of oval shape and short axial length. y / 
The inner and outer low-voltage coils are : 
of shorter axial length than the high- 
voltage coils so that when assembled 
in a low-voltage-high-voltage-low-voltage 
group, a cross section of the group is 
of cruciform shape to conform to the cir- 
cular window of the core. The internal 
insulation of the coils is similar to that 
which had been highly developed in past 
practice. The major insulation consists 
of mica pads between high and low-volt- 
age windings taped on with varnished 
cloth and the entire group is taped and re- 
inforced where it passes through the core. Figure 15. Wound core in loose spiral 
Where necessary for insulation or thermal around coil 


Figure 16. Wound core tightly wound around 
coil 
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to a machine which has been developed 
for the operation of applying cores. The 
coil group is clamped between cushioned 
supports on this machine and one core 
unit is laid beside it over a short power- 
driven spindle (figure 11). The relative 
positions of the core and coil are properly 
adjusted and the welds which secure the 
outer end of the core strip broken. This 
outer end is then carried through the coil 
window in a large loop and temporarily 
secured on itself so as to form a circle em- 
bracing the coil leg (figure 12). A fric- 
tion roller on the outside of the core and 
the internal spindle then rotates the core 
in such a fashion that its entire length is 
thrown out into a large cylinder embrac- 
ing the coil leg (figures 13 and 14). The 
‘spindle within the core is removed and the 
_ core collapses into a loose spiral embracing 

the coil leg (figure 15). The temporary at- 
_ tachment on the outer turn is now broken 
and the turns of the loose spiral are drawn 
inward on the coil leg by power-driven 
friction rollers applied at its perimeter, 
with the result that the core is now linked 
with the coil leg in essentially the same 
condition as before the operation was be- 


Figure 17. Transformers of distributed-core 
and wound-core construction 


gun without having been overstressed 
during the operation (figure 16). The 
other core unit is similarly applied to the 
other leg of the coil group. The outer 
ends of the strips are welded to perma- 
nently secure the cores in shape, and the 
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core and coil unit is ready for clamping, 
treating, and assembly in the tank. The 
operations described are rapid and some- 
what less dependent on the skill which is 
necessary to obtain good joints and com- 
pact construction in a core made of cut 
punchings. The machines used at this 
point are an added investment since cores 


made of punchings are usually assembled 
by hand labor. 


Clamps 


Clamps are simple cradles of relatively 
light steel adapted to grip the cores se- 
curely and without distorting them. The 
structure of the cores is inherently solid 
and self-supporting. 


Characteristics 


In over-all characteristics, these trans- 
formers have been designed for character- 
istics which differ only slightly from pre- 
vious values. In recognition of the im- 


portance of improving regulation, the 
copper loss of the wound-core transfor- 
mers has been reduced and the core loss 
slightly increased. This revision of losses 
seems to be better suited to average oper- 
ating conditions throughout the country 
than previous values. 


The exciting cur- 


rent is lower than with past transformers 
for reasons given earlier in this paper. 
The wound-core distribution trans- 
formers, because of a marked reduction in 
the amount of copper and core iron used, 
and because of the lighter and simpler 
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clamping structure required, are appreci- 
ably lighter in over-all weight than simi- 
larly rated units using the conventional 
core arrangements (figure 17). 

Since the difficulty in serving small 
loads in areas of low density is largely 


e 


Wound-core unit assembled in 
tank 


Figure 18. 


economic, the development of a material 
and a construction which permits reduc- 
tion in the price of one important ele- 
ment in the cost of distribution would 
seem to constitute a major contribution 
to the broader use of electricity. 

The writer wishes to acknowledge the 
assistance of others in the preparation of 
this paper, particularly of Mr. J. C. Gran- 
field, the inventor of the wound-core con- 
struction, the method of assembly, and 
the machine, and Mr. M. Broverman who 
has closely followed the development. 


Discussion 


Philip Sporn (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The distribution transformer, as is well 
known, plays a very important part in dis- 
tribution economics. In some phases of 
distribution, for example in the problem of 
extension of rural service, it plays an almost 
predominating part. Here the transformer 
with its associated equipment represents 
from 35 per cent to 40 per cent of the average 
cost of a rural extension, taking for an aver- 
age an extension in which from four to five 
transformer installations to the mile are 
made. Hence I think all electric utility and 
transmission and distribution engineers will 
welcome the development described by Mr. 
Treanor. 

In reviewing the work that has been ac- 
complished over the last decade in improving 
the characteristics and reducing the cost 
of the distribution transformer, it needs to 
be recalled that the present distribution- 
transformer design is basically a develop- 
ment and refinement of an idea that is 
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Radio Influence Characteristics of 


Electrical Apparatus 


By P. L. BELLASCHI 


MEMBER AIEE 


Synopsis: Experience recorded in this 
paper with the method of measuring the 
radio influence factor of electrical apparatus 
recommended by the Joint Co-ordination 
Committee on Radio Reception of Edison 
Electric Institute, National Electrical 
Manufacturers Association, and Radio 
Manufacturers Association establishes its 
practicability and adequacy. This method 
fulfills the essential feature of all working 
standards in that the results are repro- 
ducible by quantitative measurements. 

Various types of output meters for de- 
termining the radio influence factor of 
apparatus have been investigated. For 
practically all applications, the present 
type of output meter gives an indication 
which is sufficiently close to the audio out- 
put. This characteristic, besides the addi- 
tional advantages it has in simplicity and 
relative inexpensiveness, well justifies its 
use. 

Radio frequency influence factors vary 
in character, depending on the electrode 
insulation arrangement of the source, and 
also the dielectric medium. 

Humidity and relative density of the air 
affect the radio influence factor and ac- 
cordingly certain correction factors for the 
atmospheric conditions need be recognized. 

The radio influence factor characteristics 
of insulation in air and oil, reported in the 
paper, establish that normally only ap- 
paratus in air need be considered for the 
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effect of radio noise influence, as in co- 
ordinated apparatus design the strength 
of parts in oil will exceed those in air. 

Experience has shown that quantitative 
data are essential for this type of study. 
Since adequate methods of measurements 
are available, the next step is the establish- 
ing of economical levels, which can only be 
obtained through the co-operation of all 
interested parties, by the collection of es- 
sential field data. 


HE operating principles governing 

radiobroadcasting and reception are 
generally well-known. Good reception is 
possible from a radio receiver of suitable 
characteristics, provided adequate con- 
sideration is given to the receiving an- 
tenna and provided the field strength from 
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some 35 years old. Hence toward the last 
ten years the refinement and improvements 
that have been made have all been of a minor 
and detailed nature. In other words the 
vein in which distribution transformer de- 
signers were working was getting pretty 
thin. The development described by Mr. 
Treanor opens up a very definitely new 
vein. It shows very strikingly that only by 
using material and labor more effectively 
can costs be reduced in the long run. In 
opening up a new field for reducing both of 
those items Mr. Treanor and his associates 
have every reason to believe they have 
brought about a first class achievement. 

It seems to me that the above is the out- 
standing phase of the development and that 
that is more important than some of the de- 
tails as to how the characteristics of the 
particular steel that is utilized in the new 
design are obtained or how the ingenious 
arrangement for winding with so little 
labor the cores and placing them on the 
transformer has been worked out. The 
writer, and I feel certain many others who 
have been working in the field of improving 
distribution economics and reducing the 
cost of distribution of electric service, are 
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looking forward to an intensive development 
of this vein and possibly to the opening up 
of new veins and the application of some 
of the economies already made possible on 
lower-sized transformers to larger distribu- 
tion sizes where, if the need for reduction in 
costs is not as urgently pressing as it is in 
the field of smaller sizes, it is still neverthe- 
less a major problem. There is no question 
that distribution costs can stand further 
reduction, but the distribution engineer 
needs material help from those who are 
spending all their energies in the field of 
designing and building the distribution 
equipment, the cost of which has a major 
influence on the whole problem of dis- 
tribution economics. 


E. D. Treanor: We feel with Mr. Sporn that 
the ‘“‘vein’” had been getting thin with con- 
ventional designs in spite of continued im- 
provements in hot-rolled steel and that there 
is hope for a considerable extension on the 
new level. Initial progress may be slow 
but experience with the small units de- 
scribed inspires confidence that further ef- 
fort along this line will be successful. 
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the broadcasting station is sufficiently _ 
high. There are many factors detrimental 
to good radio reception. The signal may 
suffer distortion, undue weakening, or 
even complete obliteration at times from 
the effects in the transmitting medium 
and in the complex process of propa- 
gation of the signal’? | Atmospheric 
electrical discharges and lightning super- 
impose their disturbances on the signal 
and may interfere partially or completely 
with reception over wide areas.* Another 
source of interference may be con- © 
tributed from electric power systems and 
in fact from the very household electrical 
appliances, which, along with the radio 
receiver, are contributing to the conveni- 
ences and leisure in the modern home. 
The problems involved in securing good 
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Figure 1. Recommended EEI-NEMA-RMA 
circuit for determination of radio-noise influ- 
ence of high-voltage apparatus 


T—Testing transformer 

L—Radio-frequency choke, shielded, not less 

than 6,000 ohms reactance at broadcast 
frequencies 

M—Radio noise meter 

C—Coupling capacitor, not more than 60 

ohms reactance at broadcast frequencies 

G—Dummy antenna capacitor (21 micro- 
microfarads) 

D—Device under test 

P—Potentiometer or tapped resistor, 600 

ohms resistance, nonreactive 


radio reception are therefore many and 
complex. 

This paper deals with the radio in- 
fluence characteristics of electrical ap- 
paratus. As clearly defined by the Joint 
Co-ordination Committee on Radio Re- 
ception of EEI, NEMA, and RMA, im- 
proved broadcast reception is essentially 
a problem of co-ordinating the newer use 
of electricity and some of its older uses 
for light, heat, power, transportation, 
and communication. Accordingly after 
some years of experience and study this 
co-ordination body recommended suitable 
methods of measuring the radio influence 
factors of electrical apparatus. This pro- 
cedure naturally has unified effort, stimu- 
lated investigation of the problem, and it 
has made possible the progress which has 
already been achieved. The investiga- 
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on reported here fulfills further the aim 


and objectives of the Joint Co-ordination 
Committee in Radio Reception in estab- 


lishing new data, findings, and principles 
that will be of assistance in the radio co- 


ordination problem. 


Measurement and 
Testing Technique 


The test circuit recommended by the 
joint co-ordination committee‘ for meas- 
uring the radio-noise influence factor of 


high-voltage apparatus is given diagram- 


matically in figure 1. The characteristics 
and adequacy of this method of measur- 
ing radio noise already have been dealt 
with to a considerable extent in the 
technical literature.’ Its practicability 
has well been proved by the experience 
with the first installations and the design 
of recent installations. Two widely 
separated laboratories for measuring the 
radio-noise influence factor of high-volt- 
age apparatus are shown, respectively, in 
figures 2A and 2B, and in figure 3. These 
installations comply essentially with the 
established recommendations. A brief 
description of the design characteristics 
of one installation will illustrate some of 
the more pertinent principles. 

The physical parts of the installation 
which correspond to the circuit elements 


Figure 2A. View of Sharon laboratory 


in figure 1 are indicated on the photo- 
graphs. The possibility of appreciable 
or even measurable radio noise from the 
circuit proper was eliminated by the use of 
a 15/s-inch diameter rod, five-inch diame- 
ter spheres at the ends, and adequacy 
of all apparatus parts. Special connect- 
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ing links assembled from large-diameter 
rods and hemispheres are employed to 
connect the object under test to the cir- 
cuit. A 50-kv testing transformer with 
regulator control supplies the required 
voltage over the entire range. The room 
was shielded with metal sheets spot- 
welded together and solidly connected to 
a grid system of large strap conductors 
and driven rods which comprise the 
ground. Power to the laboratory is sup- 
plied over a several-hundred-foot cable 
from a small transformer station which 
feeds as additional load part of the lamp 
circuit in the large plant nearby. By 
these measures in shielding the room and 
care in the choice of power supply, back- 
ground and other interference from ex- 
ternal sources were negligible, although 
immediately adjacent to the radio-noise 
laboratory is located a 3,000,000-volt 
impulse generator and also a high-cur- 
rent generator. The attainment of free- 
dom from external noise sources is a fea- 
ture which illustrates again the advan- 
tages and practicability of the recom- 
mended method. 

The capacitance (C = 0.0021 micro- 
farad) of the coupling capacitor and the 
effective inductance (L = 12 micro- 
henries) of the drop lead are tuned to 
1,000 kilocycles. The ratio of the radio- 
frequency voltages produced by the ob- 


Sharon 


laboratory 


Figure 2B. View of 


ject under test on the measuring circuit 
and the recorded voltages appearing 
across the terminating resistance is es- 
sentially unity over the entire broadcast 
frequency range as is shown experimen- 
tally and by calculation in figure 4. This 
feature is a desirable one to attain. 
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Calibration of the radio-noise meter is 
made by means of a high-frequency signal 
generator modulated 50 per cent at 400 
cycles, The indication on the output 


meter from the unknown voltage is ad- 
justed to half scale by a volume control 
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Figure 4. Characteristics of installation in 
figure 2 


on the noise meter. The signal generator 
is then switched on and its output varied 
until the same deflection is obtained on 
the output meter. All radio-noise meas- 
urements are therefore based on the signal 
generator and are microvolt root-mean- 
square values. The tests are usually 
made at 1,000 kilocycles which is midway 
in the broadcast frequency range. 

A typical set of tests, showing in figure 
5, was made to correlate the measure- 
ments at the two laboratories. In test A, 
a rod to plate was employed; this elec- 
trode arrangement has served well as a 
‘Yeference standard” in these and other 
comparative tests. Tests B and C were 
made on electrical equipment. The same 
samples of the equipment were tested 
first at one and then at the second 
laboratory. It should be noted that the 
laboratories are nearly a hundred miles 
apart. Though each conforms with the 
recommended method, they differ from 
each other in a number of details as 
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Figure 5. Correla- 
tion tests 


laboratories 
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shown by figures 2 and 3. The East 
Pittsburgh laboratory, figure 3, is the 
older installation and has a higher voltage 
rating. Again using the rod-to-plate ar- 
rangement, tests were repeated at various 
times at Sharon, figure 2. The results 
are plotted in figure 6 and similar data 
appear in figure 9. It is clearly apparent 
from the good agreement in all these tests 
that the recommended method of meas- 
uring radio noise fulfills the essential 
feature of all working standards in that 
the results are reproducible by quantita- 
tive measurement. 


Other Factors in Testing Technique 


Measurements were made on a pin- 
type insulator and on a rod-to-plate gap 
at various frequencies over the broadcast 
frequencies. The results are given in 
figure 7. These and similar tests indicate 
that the radio-noise influence factors de- 
crease with increase in frequency. The 
experience up to the present time in 
testing high-voltage apparatus shows that 
a relatively uniform decrease in radio- 
noise influence factors is obtained over 
the entire broadcast range with no tend- 
ency in peaking of radio noise at one 
frequency. For this reason it appears 
that the practice in testing at some fre- 
quency midway in the broadcast band, 
such as 1,000 kilocycles, is justified. 

The character of radio noise may differ 
considerably, depending on its generating 
source. Thus an important feature of the 
curves for the air-insulated (dry type) 
apparatus in figure 5 is the uniform con- 
tinuity in the microvolt rise with increase 
in applied voltage. Physically the phe- 
nomena in these cases is one of uniformly 
increased radio interference factor with 
voltage. That the radio interference fac- 
tor is sustained and uniform was evi- 
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denced also from the steady indications 
of the output meter. Distinctly different 
from this was the radio noise measured 
from a sphere to plate. As shown in 
figure 8, corona and spark-over for this 
electrode gap occur simultaneously up to 
about 3.5 sphere-diameter spacing. At 
the wider spacings corona appears before 
spark-over voltage is reached. From the 
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Figure 6. Comparative tests at one labora- 
tory 


Rod-to-plate gap; three-inch spacing 


visual and aural observations the corona 
is brusque, in the nature of streamer 
formation. In fact, the microvolt curves 
in figure 8 confirm this initial relatively 
intense discharge, as the lowest measure- 
ment that could be recorded is approxi- 
mately 500 microvolts. The intermit- 
tent streamer discharges account also for 
the unsteady behavior of the output meter 
in these tests. A similar performance 
was recorded for the rod to plate above 
25 kv where a discontinuity in the curve 
(figure 6) appears. In short, the two dis- 
tinct types of corona effects referred to, 
well illustrate the different character of 
radio noises that may be encountered. 
Other factors that need be taken into 
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account in radio-frequency testing are 
the density and humidity of the air. It 
is recognized that breakdown and corona 
voltage both depend upon the relative air 
density and the absolute humidity. In 
general, the amount of correction for 
variation of the air density is small. 
Fundamentally, in  radio-interference 
work this correction would appear to be 
proportional to the air density, the same 
as applied to voltage breakdown. Due to 
the fact that the effect of absolute humid- 
ity in high-voltage testing is relatively 
greater than the relative air density, it 
appeared desirable to determine its effect 
on radio-frequency testing. 

Tests were made at one of the labora- 
tories where by virtue of the enclosed 
room the absolute humidity could readily 
be controlled. First the tests were made 
at a low humidity. A certain amount of 
steam was then injected into the room and 
the air kept well stirred up until the higher 
humidity was uniformly attained in the 
room. The tests were repeated. Thus 
the testing at the two humidities and with 
identically the same test setup was com- 
pleted in an hour or less. Results for 
the rod to plate are given in figure 9. 
These data have been confirmed by other 
tests. This investigation establishes that 
for the rod to plate and for similar elec- 
trode arrangements the voltage corre- 
sponding to a given radio noise value in- 
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Figure 7. Comparison of tests over the broad- 
cast range 


0.98 
4.4 grain per cubic foot 


Relative air density = 
Absolute humidity = 


creases with the absolute humidity 1.5 
to 3.0 per cent for each grain per cubic 
foot. On the average the increase is 2.5 
per cent over the entire range in figure 9. 
This variation in humidity correction fac- 
tor for radio noise is substantially the 
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same as that applied to 60-cycle flashover 
of rod gaps and suspension insulators.® 
Below the very low values of 50 to 100 
tmicrovolts the microvolt correction for 
humidity becomes insignificantly. small. 


Comparison of Noise Meters 


The Joint Co-ordination Committee on 
Radio Reception of EEI, NEMA, and 
RMA have formulated specifications for 


Table I. Selectivity of Three Receivers 
oo a a 


Band Widths (Kilocycles) Versus Signal Ratio 
Se a es Sa ee ee 


600 Kc 1,000 Kc 1,400 Kc 
10/1 100/1 10/1 100/1 10/1 100/1 
Receiver 
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a radio noise meter. These specifications 
were formulated at the time when tuned- 
radio-frequency receivers were the most 
commonly used but since that time the 
designs of the radio receivers have 
changed considerably. The selectivity 
curves of radio receivers are a major 
characteristic which affects the response 
of radio receivers to extraneous noises. 
While the tendency in the past has been 
toward greater selectivity, the demand 
for higher fidelity in recent years has re- 
quired the manufacturing of less selective 
receivers. Although the specifications 
for the radio-noise meter were formulated 
in 1931, no changes in these specifications 
have been found necessary. 

In order to determine the relative re- 
sponse of three different radio instruments 


4500 MICROVOLTS |_| 
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Figure 8. Sphere-to-plate tests illustrating 
character of radio noise 


Two-centimeter sphere to plate 


that are being used in the laboratories for 
measuring radio-frequency influence fac- 
tors, radio-frequency voltages of different 
character were measured with the three 


instruments. Two of these instruments 
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are of the tuned-radio-frequency type; the 
third is a superheterodyne receiver. 

The curves in figure 10 show the results 
of these three receivers when measuring 
the radio influence factor from a rod to 
plate gap separated three inches. This 
type of noise has produced the greatest 
deviation between receivers. Figure 11 
shows the results when measuring the 
radio-influence factor from a_pin-type 
insulator. It should be noted that the 
superheterodyne receiver B indicates a 
value of noise which on the average falls 
between the two tuned-radio-frequency 
noise meters. 

The selectivity curves of all receivers 
are shown by table I and it is interesting 
to note that although the superheterodyne 
receiver B is highly selective at 1,000 
kilocycles, the results obtained by this 
instrument are relatively close to the 
tuned-radio-frequency instruments. The 
maximum deviation that has been noted 
in the values indicated by the three in- 
struments has been slightly over two to 
one. These instruments do not always 
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Figure 9. Effect of humidity 


maintain the same relative position as 
shown in figures 10 and 11. In some 
cases, receiver B will measure less than 
receivers A and C but always within the 
deviation limits given above. 
Instruments A and C correspond to the 
specifications formulated by the Joint 
Co-ordination Committee on Radio Re- 
ception. The output of instrument A 
is highly distorted for values of inter- 
ference above 1,000 microvolts. This dis- 
tortion does not exist in either the super- 
heterodyne receiver B or instrument C up 
to values in the order of 20,000 to 30,000 
microvolts. Repeated tests have indi- 
cated that the higher values measured by 
instrument A areinerror. A potentiome- 
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ter is now being used with instrument 
A so that all voltage measurements are 
made below 1,000 microvolts. With this 
arrangement consistent results are ob- 
tained between the three instruments. 


3-INCH ROD TO PLATE 
ROD 2 -INCH SQUARE 


5000 | 


INSTRUMENT 
A —K—x— 
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Fig. 10. Comparison of radio-frequency 
voltages measured by three instruments (tests 
on rod gap) 


Relative air density = 0.99 7 
Absolute humidity = 3.5 grains per cubic foot 


Instruments A and C are battery- 
operated radio-noise meters. Because of 
the continuous service required and due to 
the fact that the superheterodyne re- 
ceiver incorporated a loudspeaker, it was 
used in obtaining a portion of the data 
presented in this paper. It is not ad- 
vocated however to substitute any radio 
receiver for the recommended radio noise 
meter unless facilities are available to 
determine the relative merits. 


Output Meter 


The joint co-ordination committee 
specifies that the output meter for the 
radio-noise meter should be a critically 
damped instrument having an undamped 
period of one-half second. The present 
noise meters have a Rectox-type output 
instrument which gives an average value 
of the radio interference voltage. There 
has been and probably will be in the 
future more or less criticism of the output 
instrument specified by the Joint Co- 
ordination Committee on Radio Recep- 
tion. The problem of selecting such an 
instrument is similar to that which has 
been encountered by committees in stand- 
ardizing on a sound level meter. Some 
feel that the meter should be faster, 
others feel that the output meter should 
be over-damped. Still, others advocate 
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Table Il. Radio-Frequency Voltage and Noise Measurements 


‘Voltage Output Noise Level Noise 
Applied Meter** (Decibels) Intensity a 
Rod Gap Milli- Micro- (Micromicro- Noise 
(Kilovolts) amperes volts (40) * (80) * watts) Loudness 
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* Forty and 80 decibel equal-loudness contours. 


*k Volume control of noise meter (instrument B) at 45 on dial. 
Microphone one foot directly in front of the loudspeaker. 


using a crest instrument for measuring 
the radio-frequency voltages produced by 
various devices. It is apparent that some 
difficulties in measurement will be en- 
countered regardless of the type of output 
meter. Consequently, the instrument 
which is the most effective for measuring 
the radio-frequency voltages from the 
largest number of electrical apparatus 
or devices encountered, should be used. 

It was realized that the crest voltage 
produced by the majority of electrical 
devices or apparatus would not compare 
favorably with the loudspeaker response. 
Consequently, it was felt that an averag- 
ing tube voltmeter, such as is being used 
for monitoring broadcasting stations 
(figure 12) might be an adequate com- 
promise between measurements of peak 
values of noise by the grid bias and meas- 
urements of average values with a highly 
damped and slower instrument as recom- 
mended by the joint co-ordination com- 
mittee. An investigation was conducted 
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Figure 11. Comparison of radio-frequency 
voltages measured by three instruments (tests 
on insulator) 


Relative air density = 1.0 
Absolute humidity = 1 grain per cubic foot 


630 TRANSACTIONS 


in the laboratory to determine the per- 
formance of this average tube voltmeter 
(figure 12) as compared to the Rectox- 
type output meter. This average tube 
voltmeter circuit is such that peaks of 
duration between 40 and 90 milliseconds 
are indicated to 90 per cent of full value 
and the discharge rate adjusted so that 
the pointer returns from full reading to 
10 per cent of zero within 600 milli- 
seconds. The speed of the indicating 
meter is such that the time for one com- 
plete oscillation of the pointer is 290 to 
350 milliseconds. The damping factor is 
such that the overswing is not less than 
one-half per cent or more than six per 
cent. 

Comparison of these two output meters 
was made by measuring the amplitude 
of the radio-frequency voltages produced 
by three devices. A signal generator 
was then connected to the input of the 
receiver and observers determined when 
the output of the signal generator and 
device under test indicated equal loud- 
ness. 

The receiver used in these tests was the 
instrument B. This is, as stated above, 
a superheterodyne receiver. It employs 
one radio-frequency stage, oscillator, first 
detector, two intermediate amplifiers, 
second detector, and push-pull audio am- 
plifier. A circuit analysis of it appears in 
Radio, November 1930. This receiver 
was equipped with a loud speaker. A 
Rectox output meter and the averaging 
tube voltmeter were connected in parallel 
and condenser coupled to the plates of the 
push-pull amplifier. 

In making the measurements, the sen- 
sitivity of the receiver was adjusted so 
that the output of the noise was sufficient 
to give half scale deflection on the Rectox 
meter. The input potentiometer on the 
crest instrument (average tube voltmeter) 
was then adjusted so that maximum de- 
flections could be read on the scale, A 
more exact determination of the pointer 
deflections was obtained by holding the 
edge of a card in front of the dial and 
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adjusting it so that the needle was just 
visible for maximum variation. The ad- 
justment of the input potentiometer was 
not changed during the time of test with 
any one observer. A signal generator 
with a 400-cycle audio component, and 
50 per cent modulated output, was sub- - 
stituted for the noise source to determine 
the value of these two noise levels in 
microvolts. 

The observer then compared by ear the 
relative volume obtained from the loud 
speaker when the noise source was con- 
nected to the receiver and when the signal ~ 
generator output was substituted for the 
noise. The sensitivity of the receiver 
was held constant and the signal generator 
output adjusted until the two seemed to 
be of equal loudness. 

The curves in figure 13 show the results 
of tests made with a 110-volt a-c uni- 
versal-type motor, 33-kv pin-type in- 
sulator, and spark gap, respectively, as the 
source of the noise. The spark gap was 
used to produce a peak discharge which 
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Figure 12. Circuit diagram of average tube 
voltmeter 


C—0.007 microfarad 
M—Rectifier-type meter 
T—Tube type 76 


R,—40 megohms 
R,—68,000 ohms 
R;—680,000 ohms 
R:;—500,000 ohms 


would simulate the type of noise from 
ignition systems. 

It should be noted that the average tube 
voltmeter in all cases indicated higher 
values than the audio comparison. The 
present specified output meter indicated 
lower values by approximately the same 
amount. Present data indicate that the 
sensory build-up time, ie., the time 
needed for a suddenly applied steady 
wave to build up to a steady loudness, is 
in the order of 0.2 to 0.25 seconds.? The 
average tube voltmeter will measure peaks 
of much shorter durations than the ear 
while the present output meter will only- 
measure peaks of longer durations. 

For practically all applications it ap- 
pears that the present type of output 
meter gives an indication which is 
sufficiently close to the audio output of a 
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radio receiver. This characteristic well 
justifies its use. It has the additional 
advantage of being simple and inexpen- 
sive which is highly desirable for indus- 
trial laboratory and field work. 


Correlation Between 
Radio-Noise Measurement 
and Acoustical Loudness 


The desirable radio noise ‘measuring 
instrument is one that would indicate 
values which simulate the ear response. 
The American Standards Association 
has published tentative standards for 
acoustical noise measurement® and has 
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Figure 13. Comparison of audio, average, 
and crest values 


formulated the requirements of sound 
level meters for measurement of noise 
and other sounds.’ This instrument at- 
tempts to approach the human ear by 
weighing the various audio-frequency 
components with respect to the standard 
1,000-cycle reference loudness level. 

It is interesting to note that the radio 
noise meter and the sound level meter 
primarily attempt to determine or weigh 
the effect of two different types of com- 
plex waves on the ear. One is used to 
measure the modulated high-frequency 
voltage while the other measures sound 
picked up by a microphone. 

Tests were conducted to determine if 
any relationship existed between measur- 
ing the output of the radio set with Rec- 
tox-type output meter (instrument B in 
figures 10 and 11) and with a sound 
level meter which complies with the 
ASA standards. The modulated radio- 
frequency voltages were produced by a 
rod-to-plate gap and measured by the 
standard radio noise method. In meas- 
uring the audio output of the radio set, 
the microphone of the sound level meter 
was placed at a distance of one foot di- 
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rectly in front of the loudspeaker. The 
scale of the output meter was zero to 
one. The volume control was adjusted 
for 0.1 on the output meter and the 
radio-frequency voltage and the sound 
level meter readings taken. The voltage 
on the rod gap was increased and for 
every 0.1 increase in deflection on the 
output meter, the modulated radio- 
frequency voltage and the sound level 
noise meter readings were noted. 

Table II shows the results obtained 
with one sensitivity setting of the radio 
set. The radio-frequency voltages in- 
creased from 680 to 1,820 microvolts. 
The noise level increased from 75 to 90 
decibels and the auditory sensation or 
loudness from 11,750 to 37,000 units. It 
should be noted that the microvolts in- 
creased 2.68 times and the auditory sen- 
sation 3.15. 

Figure 14 shows three curves, each 
taken at a definite sensitivity and cover- 
ing a given range of microvolts. In these 
three measurements the microvolts in- 
creased, respectively, 2.0, 7.0, and 4.0 
times and the corresponding noise loud- 
ness increased 1.5, 5.5, and 5.2. These 
tests were made with the radio set at 
1,000 kilocycles. Similar tests as for 
curve C but at 1,400 kilocycles gave a 
microvolt increase of 5.6 times against a 
loudness increase of 4.4 and at 600 kilo- 
cycles the microvolts increased 5.1 and 
the loudness 5.2. 

Similar relationships in the relative in- 
crease between microvolts and loudness 
as shown in figure 14 were obtained with 
the microphone at greater distances from 
the loudspeaker. For instance, in one 
test similar to curve C but with the 
microphone placed at two feet directly 
in front of the loudspeaker, the micro- 
volts increased 6.3 times while the loud- 
ness increased 6.0 times. 

All these tests were made in one of the 
two laboratories where inherently the 
background noise level can readily be re- 
duced to 50 decibels and even less so that 
it practically had no influence or required 
no compensation on the tests proper. An 
attempt was made to analyze the fre- 
quency components of the loudspeaker 
noise. It was found that the frequencies 
contained in this type of radio noise were 
too numerous and complex to permit fre- 
quency analysis. 

From these tests the ratio of the in- 
crease in microvolts to the increase in 
auditory sensation did not vary more than 
0.77 to 1.34. Ina number of cases and on 
the average the ratio was close to one. If 
we assume that the response of the sound 
level meter simulates the human ear re- 
sponse, we can accordingly assume that 
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Figure 14. Correlation between radio noise 
measurements and acoustical loudness 


Noise meter at 1,000 kilocycles 

Volume dial setting A, B, C 

Microphone one foot in front of loud-speaker 

Radio-frequency voltage from three-inch rod to 
plate 


our present output meter likewise cor- 
responds in effect somewhat to the re- 
sponse of the human ear. 


Comparative Measurements 
of Corona Starting Voltage 


Various means have been employed in 
determining the starting voltage of corona 
of high-voltage equipment. Recently 
tests were conducted to determine the 
effectiveness of detecting corona starting 
voltage by the use of a cathode ray 
oscilloscope, ear, eye, and the standard 
method of measuring radio noise. 

Difficulty was encountered in attempt- 
ing to use the cathode-ray oscilloscope 
and after considerable experimenting, an 
untuned radio-frequency choke coil was 
connected in series with the ground lead 
of the apparatus.. A parallel resonant 
circuit tuned to 1,185 kilocycles was con- 
nected across this choke through a block- 
ing condenser. The oscilloscope was then 
connected across this resonant circuit. 
By this means, the 60 cycle and low fre- 
quency harmonics were filtered out. 

The tabulation below shows the thresh- 
old of corona by different methods from 
three pieces of apparatus. The standard 
method of measuring radio noise de- 
tected the lowest starting voltages. 

In totally inclosed apparatus, the 
standard method of measuring radio noise 
detects corona starting voltage very much 
below the audible or visual methods. 


Kilovolts 

Au- Oscillo- Vis- 
Sample dible scope ual Radio 
High-voltage switch...26.0..28.2..26.0..20.0 
Current transformer...11.0..12.0..12.0.. 6.2 
Circuit breaker....... 6.1.. 7.7..18.0.. 4.85 
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Tests were made on the rod-to-plate 
(one-quarter-inch square rod) at various 
spacings. Initial audible corona was 
detected with an insulation tube of 
funnel-like shape which conveyed the 
sound at the rod end to the observer’s 
ear. Corona could be detected by the ear 
at about 100 microvolts. 


Comparative Tests in Air and in Oil 


Electrical apparatus assumes many 
forms, depending on the application and 
on the design. It is apparent that a com- 
plete survey of the radio-noise influence of 
all apparatus would require an extensive 
program, although a good deal of work 
already has been done in this direction. 
However, an appraisal of this problem is 
simplified when it is recognized that most 
apparatus at the present operates either 
in air or in oil. The corona characteris- 
tics of these two dielectrics either alone 
or in combination with the dielectric 
bodies of the apparatus proper, such as 
porcelain, fullerboard, and so on, are im- 
portant factors in a survey of the radio 
noise influence of electrical apparatus. 
Certain principles will become apparent 
from a consideration of typical tests 
which have been made in air and in oil. 

Tests in air are shown in figure 15. 
These characteristic curves bear out in the 
first place the influence of the shape of the 
electrode. The radio noise measure- 
ments and therefore corona appear at a 
lower voltage when the electrode is a 
plain rod and it can be seen also that the 
characteristic curve is essentially the same 
whether this is a one-quarter-inch square 
rod or a one-eighth-by-one-inch rectangu- 
lar strap. The curves show that for the 
same microvolt level twice the voltage 
may be applied to the sharp-cornered 
disk as compared to the voltage on the 
rod. A rounded electrode such as a 
sphere of sufficiently large diameter pre- 
sents certain advantages in reducing 
corona formation, provided the surface of 
the electrode is kept clean. In practice 
apparatus may be exposed to dirt, mois- 
ture, rain, and so on, with the result that 
large smooth surfaces are in such case 
more detrimentally affected than would 
be the sharper-edged electrodes. 

A point of interest in the characteristic 
curves for air (figure 15) is that consider- 
ably higher microvolt values are reached 
by the short gaps. Thus with the one- 
half-inch gap spacing, for either the rod 
or disk-type electrode, very high radio-fre- 
quency voltages can be generated whereas 
for the correspondingly larger gaps spark- 
over occurs before these high values can 
be reached. 
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In electrical apparatus the body of a 


solid dielectric or a combination of di-— 


electrics appears between the line and 
ground electrodes assuming one form or 
another which depends on the design and 
the application of the apparatus. If the 
presence of the dielectric body increases 
or decreases the stress on the air as com- 
pared to the stress between the electrodes 
in air alone, then the microvolt-voltage 
characteristic curves will accordingly be 
modified, respectively, upward or down- 
ward. Thus the presence of the por- 
celain body in the case of the line insula- 
tor may further raise the ‘“microvolt- 
voltage curve in comparison to that of the 
tie wire and pin electrode in air alone. By 
proper design and grading of the body 
part, the stress on the air may be reduced. 
In the case of a condenser-type bushing 
the inherent grading of the stress in the 
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Figure 15. Radio-noise characteristics of air 
for various electrode arrangements 


Type of electrode: 

@ One-quarter-inch square rod 

© One-eighth by one-inch rectangular strap 

X Nine-inch diameter, one-inch thick disk 

© 0.8-inch diameter sphere at end of one- 
half-inch diameter rod 


dielectric body and over its surface con- 
tributes also in reducing the stress in the 
adjacent surrounding air. In this case the 
stress on the air at the line terminal even 
for sharp electrode parts is much less than 
it would be anticipated from the stress 
which appears between the terminal elec- 
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trodes in air alone. It is apparent then 
that the radio-frequency voltage from 
electrical apparatus in air depends es- 
sentially on the relative stress imposed on 
the air. Characteristic curves of the air 
alone as shown in figure 15 are neverthe- 
less of fundamental guidance in apprais- 
ing the general problem. 

The rod-to-plate gap was tested in oil 
at spacings from a fraction of an inch to 
an inch. The voltage was raised until 
breakdown of the oil gap occurred so that 
up to 45 kv was applied for the larger | 
gap tested. No radio-frequency voltage 
could be detected up to breakdown of the 
gap. 

Tests were made on fullerboard sheets 
in oil. The fullerboard was thoroughly — 
dried out in a heating oven and oil im- 
pregnated under vacuum similar to the 
treatment for transformers. The sheets 
of fullerboard were immersed under oil 
in their own test tank. A sheet was 
pressed firmly between a 2!/2-inch di- 
ameter disk with square edges and a 
grounded plate, as shown in figure 16 
and tested. Curve A is the test result 
for a one-eighth-inch thick fullerboard and 
curves B, C, and D give similar tests for 
0.056-inch fullerboard. 

The characteristic curves A, B, C, and 
D rise abruptly and reach very high 
microvolt values. They clearly indicate 
that corona in oil is in effect much more 
intense than in air. In similar tests that 
had previously been made on the strength 


of insulation! the corona at the edge of 


the disk was detected visually at about 
25 kv and 36 kv for the 0.056-inch and 
one-eighth inch fullerboard sheets, re- 
spectively. It appears to the writers that 
the radio noise method is also an effective 
means to study and measure corona. 
When the phenomena is partly or entirely 
concealed, such as is in these tests, it has 
been found a superior method to any of the 
others available. To illustrate this point 
further, a one-eighth inch fullerboard sheet 
that had not been dried or treated was 
tested. The results are plotted in curve 
FE which by comparison to curve A show 
the benefits which accrue from drying and 
treating the fullerboard. 


In practical design even for the lower 
classes of distribution apparatus, clear- 
ances in oil normally exceed the amount 
indicated in figure 16. The mechanical 
requirements alone generally require 
larger clearances. Besides the conduct- 
ing parts normally are insulated thus se- 
curing relatively better performance than 
indicated. Considering the fact that the 
corresponding air clearances would be in 
the order indicated in figure 15, it is 
clearly apparent that the radio noise in- 
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Figure 16. Radio-noise measurements of in- 
sulation in oil 


fluence of electrical apparatus principally 
concerns the apparatus or the part of the 


apparatus in the air. Similar considera- 


tion of and experience with voltage ap- 
paratus of higher voltage classes likewise 
establish that normally only the appara- 
tus in air need be tested for the effect of 
radio noise influence as the strength of the 
apparatus or corresponding part in oil 
well exceed in good design those in air. 
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Discussion 


C. W. Frick (General Electric Company, 
Schenectady, N. Y.): During the past six 
or seven years considerable experience has 
been gained with methods of determining 
radio influence characteristics of apparatus 
at several different laboratories and to some 
extent in field investigations. The present 
paper is a valuable contribution to this 
work. As the paper points out, the Joint 
Co-ordination Committee on Radio Re- 
ception of EEI, NEMA, and RMA has 
recommended circuits for the determination 
of interference influence of high-voltage and 
low-voltage apparatus. The quantity which 
is measured is called noise voltage in the 
committee report and is expressed in modu- 
lated microvolts, but in the paper it is 
called the radio influence factor. The name 
used in the paper has considerable merit 
because the quantity in question serves as 
an index of influence on radio reception. In 
this respect it is analogous to the telephone 
influence factor (TIF) which is a useful 
index of the influence of power-system wave 
shape on wire communication systems. On 
the other hand, the present name, noise 
voltage, has some advantage because it 
suggests the units in which the quantity is 
measured while a factor is generally thought 
of as a ratio, for instance power factor, form 
factor, space factor, and similar terms. 
The joint committee has not as yet adopted 
the name radio influence factor, and those 
wishing to use the term should explain its 
meaning as the authors have done. 

The paper presents an interesting study 
of the effect of different types of output 
indicator. The present output meter is a 
microammeter which indicates an average 
of the rectified output of the radio re- 
ceiver element of the noise meter. It is a 
critically damped instrument having an 
undamped period of 0.5 second as specified 
by the joint committee. Some engineers 
have suggested that an instrument which 
responds to noise peaks might give a better 
indication of the effects on radio reception. 
The paper compares the present output 
meter with one consisting of a tube volt- 
meter operated on a capacitance-resistance 
network characterized by rapid charge and 
slow discharge so that it tends to average 
the noise peaks. The authors call this an 
averaging tube voltmeter. Figure 13 of the 
paper shows that this averaging tube volt- 
meter gives higher readings than the present 
output meter for common types of noise, 
such as motor noise; that is, it requires a 
higher value of the calibrating voltage 
modulated 50 per cent to match the noise 
indication on that instrument than it does 
when the present output meter is used. This 
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result would be expected because noises ap- 
pear to consist of a rapid series of impulses. 
The curves also show that readings with 
the two instruments are different in ratios 
for different types of noise. 

When the joint committee’s specifications 
were prepared, it was realized that radio 
noise is quite complex and its effects on 
reception involve many factors including 
those associated with loud-speakers and 
with the ear. It was felt that the thing to 
do was to set up the best instrument that 
could be obtained according to the state of 
the art then, and to make improvements 
later as found necessary. Therefore they 
specify certain electrical characteristics for 
the receiver element and a certain period 
and damping for the output meter, based 
on the information then available. The 
paper includes an additional check on the 
present output meter by an ear comparison 
method where the noise is compared with the 
calibrating tone as heard in a loudspeaker. 
The curves of figure 13 for this audio com- 
parison show better correlation with the 
present method than obtained by a similar 
test with the averaging tube voltmeter 
method. The present type of radio noise 
meter has been in the field for several years 
and has made it possible to collect useful 
data on common types of noise from dif- 
ferent observers, For this purpose it seems 
to be better than anything else that has 
been suggested. 


P. H. McAuley (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors have demonstrated the 
practical nature of the circuit recommended 
by the joint co-ordination committee. The 
radio influence factor of high-voltage ap- 
paratus can be checked in different labora- 
tories at different times with different types 
of meter with good agreement. In addition 
to the East Pittsburgh laboratory de- 
scribed in the paper, which has been in 
operation since 1930, radio interference 
tests have been made at the Trafford 
laboratory from time to time. One of the 
500-kv transformers is used, but the capaci- 
tor stack at present limits the voltage to 
about 200 kv. However, it is possible to 
test the highest voltage apparatus above 
its operating voltage to ground. At volt- 
ages above 150 ky, corona on leads and con- 
nections becomes somewhat of a problem. 
So far we have been able to use two-inch- 
diameter aluminum tubing with carefully 
made joints. Six-inch spheres are used at 
the ends. In general, a radio influence test, 
on 230 ky apparatus for instance, requires 
a careful arrangement of the complete high- 
voltage circuit. 

For many years the laboratories have been 
able to make reliable tests. The crying 
need for years has been the establishment 
of levels of permissible noise for different 
classes of equipment. We are able to de- 
termine the radio influence characteristic 
curve of a piece of apparatus but we are 
unable to say whether it is satisfactory at 
its rated voltage. The establishment of 
levels is essentially an operating problem, 
because they should be based on experience 
with equipment now in service. It is hoped 
that it will soon be possible to correlate 
field and laboratory testing to the extent 
that permissible levels satisfactory to both 
manufacturer and user can be set. 
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A Position Regulator for Paper Slitters 


By F. H. GULLIKSEN 


MEMBER AIEE 


APER slitters are used to trim the 

edges of paper webs so that a paper 
roll with even sides can be wound from 
an unevenly wound roll. When the paper 
has printed designs on it, the slitting 
must be done at a definite distance from 
the printed design. The slitter knives are 
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Schematic arrangement of paper 
slitter 


Figure 1. 


stationary as shown in figure 1. In 
order to slit the paper at the same posi- 
tion relative to the design when the posi- 
tion of the paper relative to the shaft of 
the unwinding roll is varying, it becomes 
necessary to adjust the position of the un- 
winding roll transversely. 

To do this, a line is printed on the paper 
as part of the printed design and a photo- 
tube is arranged to scan this line. 
Through suitable electronic equipment 
and a reversing motor, the position of the 
unwinding roll is adjusted to keep the 
paper in the same position in relation to 
the slitter knives. 

It has been customary to use a scanner 
with two phototubes which would scan 
the line printed on the paper as shown 
in figure 2. The phototubes were con- 
nected in a bridge circuit and the output 
of the bridge circuit was used to control 
the electronic regulator and the reversing 
motor. 

The paper industry requires that the 
line printed on the paper should not be 
wider than one-eighth inch, which necessi- 
tates focusing the two light beams one- 
eighth inch apart, and obviously, the 
range of control with the scheme shown 
in figure 2 will be only one-eighth inch. 
If the paper, therefore, should move out- 
side the one-eighth inch range, the regu- 
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lator would lose control. It is also 
evident that any change in phototube or 
lamp characteristics would change the 
regulating position. 

The purpose of this paper is to de- 
scribe a new slitter regulator which em- 
ploys only one phototube, and which 
widens the range of control to one inch 
regardless of the width of the printed 
line. 


The Single Phototube Scanner 


The new single phototube scanner 
shown in figure 3 consists of an 1,800-rpm 
synchronous motor with four lenses 
mounted onits shaft. A lamp is mounted 
as shown in figure 4 so that the lenses fo- 
cus four light beams on the paper and the 
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Figure 2. Slitter regulator employing two 
phototubes 


Figure 3. 


New scanner with one single 
phototube 
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printed indicating line. A phototube is 
arranged to intercept the light reflected 
from the paper. A top view of the four 
lenses, the printed line, and the light 
beams L, to L4, is shown in figure 5. In 
figure 5A the line is located in the center 
of the light-beam circle while in figure 
5B the line is displaced to the left. The 
light beams rotate synchronously, each 
beam making one revolution in two cycles. 
Each time a light beam intercepts the 
line in the position indicated in figure 4, 
the illumination on the phototube is de- » 
creased. This change in phototube illumi- 
nation is amplified as shown later in this 
paper, so that a peaked voltage impulse 
is obtained once every half cycle, refer- 
ring to the frequency of the a-c source to 
which the synchronous motor is con- 
nected. The angular position of the 
lenses relative to the motor shaft is such 
that when the line is in position A the 
impulse voltage occurs at 90 degrees phase 
angle, whereas with the line in position 
5B the impulse voltage location is ad- 
vanced as shown in figure 6. 

For every position of the line on either 
side of the center position, an impulse is 
obtained, and there is a definite relation- 
ship between the angular location of the 
impulse voltage relative to the a-c supply 
voltage, and the space location of the 
line. This relationship is used to indi- 
cate the position of the paper. 
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Figure 4. Schematic arrangement of single 
phototube scanner 
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The Amplifier 


A conventional amplifier with capaci- 
tor coupling in the grid circuit and trans- 
former coupling in the anode circuit is used 
as shown in figure 9. The amplifier tube 
is normally biased to give a high anode 
current. When one light beam intercepts 
the line, and the illumination on the pho- 
totube is decreased, the grid of the am- 
plifier tube is made highly negative and 
the anode current is decreased, thus giv- 
ing an amplified impulse on the second- 
ary side of the anode circuit transformer. 
This impulse is used to control the selec- 
tive indicating circuit. 


The Selective Indicating Circuit 


The purpose of the indicating circuit 
is to detect the phase-angle location of 
the voltage impulse obtained from the 
amplifier. To make the circuit inde- 
pendent of variations in supply voltage 
and tube characteristics the circuit is 
arranged to respond only to phase angle. 
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Figure 6. Location of the impulse voltage 
for positions 5A and 5B 
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Figure 7. The selective indicating circuit 
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As shown in figure 7 two thyratron tubes 
l and 2 areused. The grid-control volt- 
age for tube 2 is the amplified impulse 
voltage from the phototube, connected 
in series with a negative d-c bias voltage, 
and tube 2, therefore, is initiated at a 
point on the a-c voltage wave dependent 
upon the location of the impulse voltage 
E;, which, as previously outlined, is a 
function of the space location of the line. 
When tube 2 becomes ionized, rectified 
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Figure 8. The motor-control circuit 
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Figure 9. Schematic diagram for position 
regulator 


a-c voltage appears across resistor 3, and 
persists during the remainder of the half 
cycle. The voltage across resistor 3 is 
connected in negative sense in the grid 
circuit of tube 1, so that tube 1 cannot 
become ionized if current is already es- 
tablished through resistor 3. Tube 1 
has a permanent negative grid bias ob- 
tained from Rectox rectifier 5, which is 
supplied with a-c voltage from the 90 
degrees phase-shift circuit consisting of 
resistor 6 and capacitor 7. 

Because of the interlock action of re- 
sistor 3, tube 1 does not conduct current 
if the impulse voltage E; occurs ahead of 
the 90 degrees position as shown in the 
curves in figure 7B. If the impulse volt- 
age occurs later than the 90 degrees posi- 
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Figure 10. A front view of the regulator 
cabinet 


tion current J; flows as indicated in fig- 
ures 7 As 

A saturable transformer 4 is connected 
in series with tube 1, and the secondary 
winding of this transformer is connected 
in a bridge circuit with resistor 8 so that 
the output voltage Hy of transformer 9 
is reversed when the primary winding of 
transformer 4 is energized. If, therefore, 
the line on the paper is moved from one 
side of the central position to the other, a 
180 degrees reversal of voltage Ep results. 
This condition is used to obtain reversal 
of the armature voltage for the roll-ad- 
justing motor. 


The Motor-Control Circuit 


As shown in figure 8 two thyratron 
tubes 1 and 2 are used to supply reversi- 
able rectified a-c voltage to the arma- 
ture of the roll-adjusting motor. When 
tube 1 is conducting current the arma- 
ture voltage polarity is as shown in figure 
8. Reversal of armature polarity re- 
sults when tube 2 is conducting. The 
current through tubes 1 and 2 is con- 
trolled by means of voltage Hp. Reversal 
of this voltage, in the manner previously 
described, reverses the grid polarity of 
the tubes so that one tube becomes ion- 
ized and current stops flowing in the other 
tube. Rectox rectifiers 5 and 6 are used 
to refer the grid voltage to the cathode of 
that tube whose anode at that instant is 
positive relative to the cathode. 

Reactor 3 is used to limit the tube 
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A Static Constant-Current Circuit 


By C. M. SUMMERS 


ASSOCIATE AIEE 


Synopsis: Static constant-current circuits 
have been constructed by connecting an 
iron-core reactor, with predetermined char- 
acteristics, in parallel with a capacitor of a 
specified size such that the resultant input 
current is independent of line voltage. This 
parallel circuit is connected in series with 
the element through which the current is 
to be regulated. The current will remain 
essentially constant for large variations in 
line voltage; large variations in load im- 
pedance; or a variation in both quantities 
simultaneously as long as the variation in 
voltage across the parallel circuit does not 
exceed certain limits. This type of circuit 
is useful for applications where a constant 
heating independent of line voltage is de- 
sired; for series lighting circuits; and 
vacuum-tube filament circuits. 


N IRON-CORE reactor and a ca- 

pacitor, connected in parallel, are 
the essential elements of a static, a-c, 
constant-current circuit, providing these 
elements are operated within certain spect- 
fied conditions. First, there must be a 
predetermined relation between the re- 
actor and capacitor; second, the variation 
in voltage across this parallel circuit must 
be restricted to specified limits; and, 
third, the frequency must remain con- 
stant. 


Theory of Constant-Current Circuit 


Temporarily, assume that the reactor 
and capacitor in figure 1 are ideal units 
with their currents 180 degrees apart, 
and that both currents are sinusoidal. 


The volt-ampere curve of the capacity 
I,, and of the reactor J,, are plotted in 
figure 2 without regard to the phase re- 
lation between the two currents. The 
line current then Jp is the numerical dif- 
ference between J, and J, Thus, at 
any value of voltage /, the line current 
is the horizontal distance between the 
two volt-ampere curves. It is evident, 
therefore, that the volt-ampere curve for 
the reactor must be parallel to that of the 
capacitor if the resultant current remains 
constant between the limits of voltage of 
FE, and —,’. If this condition exists for 
the circuit in figure 1, the current through 
the impedance Z will remain constant 
while either the line voltage or the series 
impedance varies; or while both vary 
simultaneously. 

A reactor with a volt-ampere curve 
similar to that shown in figure 2 can be 
obtained by a bridge-gap iron core, one 
type of which is shown in figure 3. It 
consists of an air gap in parallel with a 
section of steel which can be saturated 
while a relatively low density exists in 
the remainder of the core. The length 
of the air gap controls the slope of the 
straight portion of the volt-ampere curve, 
while the saturated section governs the 
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peak current, particularly during the 
reversing period when the counter elec- 
tromotive force of the motor armature re- 
duces the effective resistance of the tube 
circuit. It was found that on account 
of the dynamic breaking action of the 
tubes during the reversing period, the 
circuit in figure 8 was particularly suited 
for this regulating application because 
idling and overtravel of the motor was 
practically eliminated, therefore produc- 
ing very accurate and sensitive control. 


Complete Schematic Diagram 


Figure 9 shows the schematic diagram 
for the complete contro! circuit, and a 
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photograph of the regulator is shown 
in figure 10. From figure 9 may be seen 
that only one single adjustment, poten- 
tiometer P, is used. The purpose of this 
potentiometer is to increase the sensi- 
tivity when the difference between the 
paper color and the line color is slight with 
reference to the color characteristic of the 
phototube. An example of colors of this 
characteristic is a red line on white paper. 
If the line color is black, blue, green or 
brown, the equipment will operate satis- 
factorily with any potentiometer adjust- 
ment, and because variations in tube char- 
acteristics do not affect the operation, the 
regulator will operate without any further 
adjustments after once being installed. 


Summers—Constant-Current Circuit 


flux density, or voltage, at which the 
straight portion begins. This fact is 
illustrated in figure 4 by a series of volt- 
ampere curves derived from various physi- 
cal dimensions of the saturated steel 
and the air gap. Great flexibility is ob- 
tained from this type of core because 
magnetic shims may be inserted in the 
air gap to adjust the volt-ampere curve 
to its desired position. Naturally, a 
rather high leakage flux surrounds the 
air gap and it is desirable, therefore, to 
place the air gap in such a location that 
the nonlinear characteristics of the reac- 


Figure 1. Parallel constant-current circuit 
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tor will not be altered by the proximity 
of other magnetic materials. 

The core of the reactor should be made 
of low-loss steel to maintain as nearly as 
possible a 90-degree phase angle between 
the voltage FE, and reactor current J,. 
In practical designs, however, neither the 
reactor current nor the capacitor current 
are displaced exactly 90 degrees from the 
voltage. The line current is not, there- 
fore, the algebraic difference between the 
two currents, but the vector sum of them. 
Thus, there are some fundamental rela- 
tions in the parallel circuit which cannot 
be shown without a vector diagram indi- 
cating conditions for successive incre- 
ments of voltage, as in figure 5. The 
locus of the resultant current is not ex- 
actly the arc of a circle, but it lies between 
the arcs of two circles which are quite ~ 
close together. Suppose the vector ter- 
minating at G represents the resultant 
current in the line when the voltage £, is 
applied. Although the voltage may be 
increased as much as 100 per cent to Fy’, 


ELECTRICAL ENGINEERING 


he vector of the resultant current will 
‘all somewhere between the two circular 
res CD and EF, Beginning at the point 
iC the current increase in magnitude to 
the point H; then decreases in numerical 
value to the point J; and thereafter in- 
creases while the voltage over this range 
is continually increasing from FE; to Ey’. 
The power factor is leading at all times 


but approaches unity as the voltage E; 
increases. 


The Constant-Current Transformer 


The simple nonlinear circuit described 
above is the heart of a constant-current 
transformer with no moving parts. To 
make a more complete circuit, a trans- 
former which delivers load at unity power 
factor is inserted in series with the ca- 
pacitor-reactor unit as shown diagram- 
matically by figure 6. The reactor has 
been converted into an autotransformer 
without affecting its reactance character- 
istics and the higher secondary voltage 
permits a more economical capacitor to 
be used on common 110-volt circuits. 
The vector diagram for the complete 
circuit is shown in figure 7 for only one 
value of line voltage. The resultant 
power factor is leading, but obviously it 
is more nearly unity than the power fac- 
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Figure 3. Bridge-gap core 


ps 


w 


nm 


10 


(KILOLINES PER SQUARE INCH, 


FLUX DENSITY IN A (FIG.3) 


0 200 400 600 800 
AMPERE TURNS 


Figure 4. Calculated saturation curves for 


core shown in figure 3 (A = 1.375 inch) 
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tor of the parallel branch of the circuit 
alone; that is, 5 is less than a. The 
vector diagram in figure 8 shows the re- 
lation between the three voltages Eo, Fi, 
EF; with a resistance load across the trans- 
former for two values of line voltage. 
The circuit shown in figure 6 will main- 
tain a constant J, in the load circuit for 
a variable line voltage, a variable load 
impedance or a variation of both provid- 
ing the reactor and capacitor operate 
over a range of voltage through which the 
volt-ampere curves are parallel. With a 
constant resistance load it can be shown 
that the most economical design from 
the viewpoint of minimum capacity in 
microfarads occurs when the variation 
in voltage E; is \/2 times the variation in 
line voltage. Also when the line voltage 
is constant and the resistance load vari- 
able the value of E;,’ in figure 2 should be 
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Figure 5. Successive vector diagram 


4/2 times the value of E;. (See also 
figure 9.) The load may operate at 
either lagging, or leading power factor, 
providing the limits of voltage /, are not 
exceeded. 


Characteristics 


The complete characteristics of a con- 
stant-current transformer supplying a 
resistance load are shown in figure 10. 
This unit was designed to operate on a line 
voltage varying between 105 and 125 
volts and to deliver a constant current 
of one ampere at 25 volts. Between the 
specified limits of voltage, the output 
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current actually varies from 1.04 am- 
peres to 1.048 amperes. 

The efficiency of the constant-current 
system varies between 50 per cent and 


90 per cent. It is highest at the lowest 
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Figure 6. Constant-current-transformer circuit 


Figure 7. 


Vector diagram of constant-current 
transformer 


value of line voltage and decreases in 
value as the line voltage increases. The 
power factor of the complete system is 
leading throughout the operating range 
for resistance load, and, like the efficiency, 
it is more nearly unity at the lower value 
of line voltage and decreases as the line 
voltage increases. 

Since reactance in the parallel circuit 
depends on frequency, it may be expected 
that the stable adjustment will be al- 
tered by changes in frequency and this 
is indeed the case. The volt-ampere 
curve of the reactor in figure 2 will swing 
toward the voltage axis as the frequency 
is increased, while that of the capacitor 
will swing toward the current axis as the 
frequency isincreased. Ifa current-regu- 
lating circuit is designed to maintain a 
constant current at 60 cycles, it will 
gradually increase the line and load cur- 
rents with increasing line voltage if the 
frequency is higher than 60 cycles. Con- 
versely, if the frequency is less than 60 
cycles the line and load currents will 
gradually decrease withincreasing line volt- 
ages. Modern systems are so regulated 
that the variation in frequency may not ex- 
ceed 1/s or 1/4 of a cycle, and this is not 
great enough to injure the current regu- 
lating characteristics of a properly de- 
signed circuit. The characteristics of 
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one current stabilizing unit on 59, 60, and 
61 cycles are illustrated in figure 11. 

Generally speaking, this particular type 
of nonlinear circuit has many interesting 
characteristics depending on the relation 
between the capacitor and reactor volt- 
ampere curves. Suppose, for example, 
the two curves in figure 2 intersect. The 
line current will contain a maximum value 
corresponding to the maximum hori- 
zontal distance between the two curves, 
and it will approach zero at the intersec- 
tion. An unlimited number of charac- 
teristic curves of line voltage plotted 
against line current can be obtained, some 
of which are useful for current- and 
power-limiting circuits. A phenomenon 
of instability is encountered when certain 
relations exist between the series and par- 
allel components of the circuit, but a dis- 
cussion of this phenomenon is beyond the 
scope of this paper. 

A nonlinear circuit designed to deliver 
a constant current when applied to a 
sinusoidal line voltage will not necessarily 
maintain a constant current when applied 
to voltage with other wave forms, be- 
cause a distorted wave will produce ap- 
proximately the same results as an in- 
crease in frequency. By properly adjust- 
ing the reactor, however, a constant-cur- 
rent transformer may be made to oper- 
ate on distorted voltage with reasonable 
satisfaction. Inherently, the current 
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Figure 8. Vector diagram of ideal constant- 
current transformer for two values of line volt- 
age 


638 TRANSACTIONS 


stabilizing system does not produce a 
badly distorted wave as indicated by the 
oscillogram of load and current in figure 
12. The reactor and capacitor currents 
each contain a large third harmonic but 
their phase relation is such that they cir- 
culate around the parallel circuit and 
thereby are greatly restricted from 
flowing in the line. Transients existing 
in the line voltage will disturb the regu- 
lation in the load circuit, to a certain 
extent as indicated in figure 13, The 
oscillogram shows the line voltage and 
output voltage on the current, stabilizer 
when the line voltage is rapidly changed 
from its minimum to maximum value, 
which in this case was from 85 to 125 
volts. 

The static constant-current circuit has 
been applied to numerous filament-con- 
trol circuits for maintaining a constant 
filament current on variable-voltage cir- 
cuits. When the load is constant, of 
course, the same circuit will maintain a 
constant load voltage. The permissible 
variation in line voltage depends upon the 
design of the reactor and in some in- 
stances a constant current (plus or minus 
two per cent) has been maintained over 
a 500 per cent variation in line voltage. 


Ey 


Figure 9. Vector diagram of constant-current 
transformer with constant line voltage and a 
variable resistance load 
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Figure 10. Characteristic curves of a 25-watt 
constant-current transformer 
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sails requires a rather extreme and bulky 


design. For lines having a total voltage 
variation of 50 per cent the static con- 
stant transformer is from twice to three 
times the physical size of an ordinary 
transformer with the same rating. 


Appendix 


Derivation of Formulas for 
Variable Line Voltage 


A mathematical derivation of design for- 
mulas for a nonlinear circuit to operate on a 
variable line voltage and to maintain a 
constant current in a fixed, resistance load 
is given below. Sinusoidal currents and 
voltages are assumed and the losses in the 
reactor and capacitor are neglected. In all 


LOAD CURRENT 


70 60 90 100 10 120 130 140 150 
LINE VOLTAGE 


Figure 11. Frequency-regulation for a 150- 
watt, one-volt constant-current transformer 


cases symbols without primes are minimum 
values and those with primes are maximum 
values. 

The circuit diagram in figure 6 and the 
vector diagram in figure 8 apply. From 
figure 8 the fundamental equations are: 


Ey? + £,? = E,? (1) 
and 
(£1)? + E? = (£1)? (2) 


Subtracting (1) from (2), we have 
(E)? — Ey? = (Ay)? — By? (3) 


Let k represent the ratio between the 
maximum and minimum values of voltage 
across the reactor-capacitor unit. That is, 


Fy} = RE, (4) 


Also let d represent the ratio between the 
maximum and minimum values of line 
voltage. Thus, 


Eo! = dEo (5) 
Substituting (4) and (5) in (3) for E,! and 
E,!, respectively, and solving for E, we 


get, 


| ON aloo (6) 


k? —1 
From equation (1), 


Ey = WV Ey? = Voie (7) 
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; 
H 
; 
: 
: 


- Substituting (6) in (7), we obtain 


Es ~ 2h a8 3 (8) 
PO al 


The capacitor must have the highest 
volt-ampere rating of any element in the 
circuit. The current passing through it is 
the sum of the exciting current and load cur- 
rent. It is desirable, therefore, to keep the 
size of capacitor at a minimum, by prop- 
erly adjusting k with respect to d. 

The volt-ampere rating (M) of the ca- 


Figure 12. Wave form of load current of a 
constant-current transformer 


a—Load current b—Line voltage 


pacitor is independent of the voltage to 
which it is referred. That is, from figure 6, 


M = Ell, (9) 


Where the current is referred to the low volt- 
age side of the autotransformer. 

Allowing J,/ZJo (see figure 2) to be rep- 
resented by the symbol P equation (9) be- 
comes 


The value P has a physical significance 
in that it represents the degree of current 
utilization. The capacitor is capable of 
supplying the current J, in the line, but of 
this quantity J, is taken to excite the non- 
linear reactor which leaves Jy available 
for output. The value of P is a constant 
for any core and depends on the sharpness 
of the knee, and the slope of linear portion 
of the saturation curve. It applies only 
at the minimum value considered. 

The line current required (see figure 6) is 


W 
—— (11) 
: Fre 
where 
W = load watts 
e = efficiency of output transformer 
Then substitute (11) in (10) 
E,PW 
M= (12) 
Exe 


and again substituting (6) and (8) in (12) we 
have 
VEN / 102 ae 
BreA/e = a 


Since I, = 2afCE: X 107° the capacity 
required in microfarads is 


(13) 


C= < 108 (14) 


 QnfE? 
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Figure 13. Effect of transients in constant- 
current transformer when the line voltage is 
rapidly changed (125 to 85 to 125 volts) 


Above—Line voltage Below—Load voltage 


Substituting (18) for the value of M in 


, 


PWV ad —1 P 
Cc = ————— . X 10 microfarads 
QnfEiteV/ k? — d? 


(15) 


Equation (15) indicates the size of the 
capacitor necessary if placed directly across 
the voltage A,. If the capacitor is placed 
across the secondary of the autotransformer 
as in figure 6, it is necessary to replace E,? by 
E,?. The maximum voltage that can be 
impressed safely on the capacitor is a lim- 
iting feature of the design and it must be 
incorporated in the design formulas. If we 
let E,1 be this maximum voltage allowable, 
then £,? in equation (15) should be replaced 
by £,1/k. Equation (15), with this trans- 
formation, becomes 


PW k2V/@ — 1 


SS Sa AO 
2Qaf(E,1)? eV k* — a? 
microfarads (16) 


Equations (6), (8), and (16) are general 
equations representing the voltage across 
the reactor-capacitor unit, the voltage 
across the primary of the transformer, and 
the capacity required in parallel with the 
reactor or autotransformer. These general 
equations are derived in terms of known 
constants, the variation in voltage existing 
on the line, and the variation in voltage 
across the parallel branch of the circuit. 
There are a number of values for the con- 
stant k and an equal number of sizes of 
capacitor which will meet all of the require- 
ments for maintaining a constant current. 
When equation (16) is differentiated with 
respect to k, the value of k corresponding to 
the minimum value of capacitor can be ob- 
tained. Before the equation is differen- 
tiated, however, it can be reduced to a more 
simple form. For any specific design, all 
quantities in (16) are constant except k; 
and all fixed terms except d can be included 
in a constant term Q. Thus, 


_ ovat = 1 
> \/k? — d? 


Cc 


or 


GEN 7 RG? 1) 
0 — Fy eee mas 


When y is a minimum, C must also be a 
minimum; therefore, y can be differentiated 


with respect to k. 
We find thereby that C is minimum when 


k=/2d 
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(17) 


(18) 


Substituting this value of k in equations 
(6), (8), and (16), respectively, we obtain 
the design equations for the most economi- 
cal conditions. 


Gee 1 
Heures] wee 
: wip 


(19) 
bine 
= (20) 
piece slr ih X 10® microfarad 
(E.')?xfe miuicrotarads 


(21) 


Derivation of Formulas for 
Constant Line Voltage 


The derivation of design formulas for 
a current-regulating circuit operating on a 
constant line voltage to supply a variable 
resistance load with a constant current is 
given below. The same assumption and 
nomenclature previously established apply 
to this circuit. The circuit diagram in 
figure 6 applies, but the vector diagram is 
shown in figure 9. The important differ- 
ence between this circuit and the one 
previously analyzed is that the maximum 
value of reactor voltage, 1, exists simul- 
taneously with the minimum value of out- 
put transformer voltage, H2, and vice versa. 
The symbol m is defined as 


m= E,1/E, 


A procedure similar to that outlined above 
produces equations for minimum capaci- 
tance as follows: 


hemes (22) 
Riek : (23) 
Mains Ci ee 
2(m? — 1) 
ante \" a) (22) 
and 


IopioP m? — 1 
ao ste v X 10® microfarads 


re rf(E 3)? 2m? — 1 


(25) 


The above equations are sufficient to com- 
pletely design a constant-current circuit 
with the exception of one factor; namely, 
the number of turns on the primary of the 
nonlinear reactor. The saturation curve 
for the core with flux density plotted 
against ampere-turns, of course, must be 
available; and a parallel line representing 
the capacitor volt-amperes must be drawn 
to the straight portion of the saturation 
curve. The horizontal distance between 
the two lines will represent ampere-turns 
and will correspond to the value in figure 
2. The required line current Jp can be de- 
termined easily for the design from the 
load requirement. If MJ represents the 
horizontal distance between the saturation 
curve and the capacitor line in ampere- 
turns, and 7 represents the number of turns 
on the primary of the nonlinear reactor or 
autotransformer, the following equation 
applies: 


NI 
T= i (from curve) (26) 


0 
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Analysis and Design 


of Harmonic Generators 


By FREDERICK EMMONS TERMAN 


MEMBER AIEE 


ARMONIC generators such as used 


in radio transmitters are usually 
designed and adjusted on the basis of 
experience because the only analysis of 
their performance that has been avail- 
able is a laborious point-by-point method 
of attack which is much too cumbersome 
to be practical in the general run of prob- 
lems. Inthe present paper a new method 
of analyzing the harmonic generator is 
presented that involves a minimum of 
labor and at the same time has an ac- 
curacy entirely adequate for design pur- 
poses. 


Voltage and Current 
Relations in Harmonic Generators 


The circuit of a typical harmonic gen- 
erator is shown in figure la, and is similar 
to a class-C amplifier circuit except for 
the fact that the plate tank circuit is 
tuned to a harmonic of the exciting volt- 
age. When properly adjusted the in- 
stantaneous voltages, currents, and powers 
follow oscillograms such as indicated in 
figure 1. (The assumption of a sinu- 
soidal alternating plate voltage in figure 1 
is equivalent to saying that the Q of the 
plate tank circuit is high enough to make 
the voltage drop across it negligible for 
all alternating components except the 
desired harmonic.) The grid bias is 
made considerably greater than cutoff and 
sufficient signal voltage is applied to drive 
the grid somewhat positive. The re- 
sult is that the space current flows in 
pulses having a relatively large peak am- 
plitude but lasting for only a small frac- 
tion of the cycle. Such pulses have a 
large harmonic content, and the tank- 
circuit impedance is adjusted so that 
the desired component builds up a crest 
voltage across this circuit that is only 
slightly less than the plate-supply poten- 
tial. This makes the minimum plate 
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potential reached during the cycle quite 
small, as shown. The instantaneous 
power supplied to the plate circuit of the 
harmonic generator is equal to the plate- 
supply potential multiplied by the in- 
stantaneous plate current, as shown in 
figure 1g. This power is divided be- 
tween loss at the plate of the tube and 
useful output delivered to the tank cir- 
cuit in proportion to the instantaneous 
voltage drops existing across these parts 
of the circuit. Similarly the power loss 
at the grid at any instant equals the 
instantaneous grid current times the in- 
stantaneous grid-cathode potential, and 
the power that the grid exciting voltage 
must supply is likewise equal at any in- 
stant to the product of grid current and 
exciting voltage at that moment. 


Simplified Analysis of 
Harmonic Generators 


The oscillograms of figure 1 provide a 
means for making an exact analysis of the 
performance of the harmonic generator. 
These oscillograms can be drawn from the 
characteristic curves of the tube for any 
assumed voltages acting on the grid and 
plate electrodes. The practical useful- 
ness of the result is, however, limited by 
the large amount of work required to plot 
the various curves point by point and to 
planimeter them to get averages. 

An approximate analysis can be made 
by noting that the pulses of total space 
current in figure 1 appear upon inspection 
to approximate a section of a sine-wave 
pulse raised to some power of the order of 
3/2. In screen-grid and pentode tubes, 
and in high-mu triodes, the space-current 
pulses are in fact almost exactly sections 
of such a sine pulse because of the fact 
that in these cases the plate voltage has 
little or no effect upon the total space cur- 
rent, which is then determined by a sine 
wave driving voltage of fundamental 
frequency. The analysis of harmonic 
generators under such conditions has 
already been outlined in earlier papers,!»? 
and makes use of curves giving the ratio 
Io/Im of average current to peak space 
current, and the ratio J,,/I,, of harmonic 
component of the space current pulse to 
peak value of pulse, in terms of the num- 
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space current flows. 


ber of electrical degrees 9 during which the 
Such curves are 
given in figure 2. 

In the case of harmonic generators em- 
ploying ordinary triode tubes the space- 
current pulse does not have a shape that 
is exactly a section of a sine wave raised 
to some power. This is because the ef- 
fective voltage producing the current 
pulse is a combination of fundamental- 
frequency and harmonic voltages, which 
obviously cannot follow exactly a section 
of a simple sine wave. The extent of the 
discrepancy depends upon the angle of 
current flow, the tube characteristics, 
etc. A practical procedure for analyzing 
the ordinary triode harmonic generator 
can, however, be worked out by assuming 
as a first approximation that the space- 
current pulse follows a section of a simple 
sine wave raised to a power, and then ap- 


(a) CIRCUIT 


(d) TOTAL 
SPACE CURRENT 


(€) PLATE CURRENT ee 


(Ff) GRID CURRENT ox 


(9) POWER RELATIONS IN («TOTAL INPUT POWER 
THE PLATE CIRCUIT -USEFUL OUTPUT POWER 


7 -POWER LOSS AT PLATE 


-TOTAL DRIVING POWER 
--POWER LOST IN BIAS 
POWER LOST AT GRID 


(h) POWER RELATIONS IN 
THE GRID CIRCUIT 


Figure 1. Circuit of typical harmonic genera- 
tor, together with voltage, current, and power 
oscillograms 


plying a correction to this result in order 
to take into account the discrepancy be- 
tween the assumed and actual pulse shape. 

Curves giving the correction factor that 
must be applied to results obtained on the 
sine-wave section assumption are given 
in figure 3 for linear and square-law tube 
characteristics. The derivation of these 
curves follows. 
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= net voltage available to produce 
electrostatic field in the vicinity 
of the cathode for the case of 
simple sine-wave pulse 
e€n = net voltage available to produce 
electrostatic field in the vicinity 
of the cathode for harmonic gen- 
erator case 
Emax = E; — E, = maximum instantane- 
ous grid potential reached during 
cycle (see figure 1) 


Enin = Eg — Ey = minimum instantane- 


ous plate potential reached during 
cycle (see figure 1) 

number of electrical degrees during 
which current flows (see figure 1) 
(based on fundamental frequency) 


Es = crest signal voltage (see figure 1) 
E, = Es — Enin = crest alternating 
voltage developed between plate 
and cathode (see figure 1) 
Ee = grid bias 
Eg = d-c plate-supply potential 
BM = amplification factor of tube 
n = harmonic involved 
Fomin “ 
Em = Emsx + —— = crest amplitude 
“ 
of e: or e, 
k om (E,/ ) / Em 


A = 1 — cos 6/2 
B =1 — cos 6/2 
B-—A cos 6/2 — cos n6/2 
GC ao = 
A 1 — cos 6/2 


The net effective voltage available to 
produce a space-current pulse when the 
signal voltage and the output voltage 
are of the same frequency (class-C am- 
plifier action), is 


E E 
a1 = (2-28) cos ut — Be + (1) 
B M 


(cos wt — cos 6/2) 


1 — cos 6/2 Lim 


= Ey 


This voltage produces a space current 
that for positive e; is very nearly pro- 
portional to e;*, where « lies between one 
and two and is normally very close to 
3/2. The space current is assumed to 
be zero when ¢; is negative. 

The net effective voltage producing 
electrostatic field at the surface of the 
cathode when the alternating plate volt- 
age E, is a harmonic of the exciting volt- 
age is 


E E 
¢, = Escos wt — — cos nut — E,+—*(2) 
be 


A comparison of equations (1) and (2) 
shows that e, fails to be a section of a 
simple sine wave exactly to the extent 
that the term (E,/) cos nwt fails to 
follow a sine-wave section of fundamental 
frequency in the interval wt = —6/2 to 
wt = 0/2, (i.e., the interval abc in figure 
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Figure 2. Curves 
giving the d-c and 
harmonic compo- 
nentsof space-current 
pulses that are pro- 
duced by an effec- 
tive driving voltage 
that is a section of a 
simple sine wave 
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4). The error involved in using the 
curves of figure 2 to give the space-current 
pulses is then caused by the discrepancy 
between the dotted and solid curves in 
figure 4, where the dotted curve corre- 
sponds to a wave of fundamental fre- 
quency coinciding with the actual har- 
monic curve at points a, b, and c. 

The magnitude of this error can be 
evaluated by taking the difference of the 
dotted and solid curves in figure 4. The 
equation of the solid (harmonic) curve in 
figure 4 is 


e’ = — cos nut (3) 
ML 


while the equation of the dotted (funda- 
mental) curve referred to the same axis is 


w= (246) cosas (4) 
a 
where 8 represents the axis of the dotted 
curve as shown in the figure, and the two 
curves are assumed to coincide at b. The 
value of 8 is determined by the fact that 
the dotted curves must also pass through 
points a and c. That is 


Ex cos 0/2 = (2: a e| cos 0/2 — B (5) 
in in 


Eliminating 6 in (4) by means of (5) 
gives 


Ey, (; — cos a) 
e = — ————— ]cos wt — 
in 1 — cos 6/2 
cos 0/2 — cos n6/2 
ee (6) 
1 — cos 6/2 


B 
= bn 17 cos ot - Cf (7) 


where k, E,,, A, B, and C are as defined 
in the table of notation. 
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The difference e’ — e” then gives the 
error in the net effective voltage available 
to produce space current that results 
by assuming that the effective voltage 
producing the space current pulses is a 
section of a simple sine wave. This 
difference is 


B 
10) = Elm} 00 not — AS wt + ct (8) 


Here D is the amount by which the ac- 
tual shape of the pulse for the case of 
nth harmonic generation is less (note 
negative sign of Z, in equation 2) than 
the effective voltage that would be acting 
if the pulse was determined by a simple 
sine-wave section of same @# and same 
maximum value. As a consequence, the 
difference term D given by equation (8) 
must be subtracted from the pulse ob- 
tained on the assumption of a sine-wave 
section in order to obtain the true am- 
plitude. 

In the case of a tube having a linear 
characteristic, the space current is pro- 
portional to the equivalent voltage pro- 
ducing electrostatic field in the vicinity 
of the cathode. Hence the error in the 
average or d-c component of the total 
space current made by assuming a sec- 
tion of a simple sine wave is equal to the 
average of D in equation (8) over the in- 
terval 6. Assuming for convenience that 
Em = 1, then the average Do of D is 


1 0/2 
De ail D d(ct) 
2m —0/2 


=o) eee ee oct 0) 


n A 


Tv 


The average of equation (1) as a function 
of the angle of flow @ has been previously 
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derived, and is given in figure 2. The 
ratio of Dy to the average of equation 
(1) then gives the fractional error that 
must be subtracted from the average 
or d-c space current obtained from figure 
2 in order to correct for the fact that the 
space-current pulse is not exactly a sec- 
tion of a simple sine wave. Values of this 
fractional error are given by the dotted 
curves in figure 3 for the case where the 
constant kis unity. The fractional errors 
for other values of & will be directly pro- 
portional to k. 

The error Dz in the mth-harmonic 
component of the space current for the 
linear case, assuming #,, unity, is given 
by 


1 0/2 
iD ai D cos nwt d(wt) 
Tw J -0/2 


2 1 
= 22) (un + sin 76) — 
w (4n 


ey (s (n — 1)0/2 . sin (xn + 1) “r 
A 2(n — 1) 2(n + 1) 


9 
ager t (10) 
n 2, 


The fractional error that must be sub- 
tracted from the value of mth harmonic 
obtained from figure 2 on the assumption 
of a sine-wave pulse is then the result ob- 
tained from equation (10) divided by the 
nth-harmonic component of the space- 
current pulse on the assumption of a 
simple sine-wave section as obtained from 
figure 2. Values of this ratio are given 
by the dotted lines of figure 3. 

Consider next the case where the total 
space current is proportional to the square 
of the effective voltage producing elec- 
trostatic field near the cathode. The true 
value of space-current pulse is then pro- 
portional to (e: — D)? = e? — 2eD + 
D*. The error involved in assuming 
that the pulse has a shape based upon a 
section of a sine wave is obviously 2e,D + 
D*, However if the error D is not large 
compared with ¢,, as is the case under 
practical conditions, then D? can be 
neglected and the error becomes very 
nearly 2e,D. The error Dy’ in the aver- 
age or d-c component of the total space 
current is hence (assuming E,, is unity) 


; 1 6/2 
Do ad 2e,D 
2a ~6/2 


1 9/2 cos wt — cos 6/2 
=— SS IDG 
~6/2 1 — cos 0/2 


ca 2 I ET 

A D (ni 1) 

sin (n + 1)0/2 B 

We) aA (@ + sin @) + 
csin o/2} — ete (11) 
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Figure 3. Curves 
giving the fractional 
corrections that must 
be subtracted from 
results obtained from 
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figure 2 to obtain 


FRACTIONAL ERROR 


correct results for 
harmonic-generator 
action. These curves 
assume k = 1. The 
correction for other 


values of k is pro- 
portional to k 
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FRACTIONAL ERROR 


60 70 BO 


FRACTIONAL ERROR 


The ratio of this to the d-c value ob- 
tained from figure 2 for a square-law char- 
acteristic is then the fractional error in- 
volved in assuming that the pulses in the 
harmonic generator are based on the 
square of a section of a simple sine wave. 
Values for this fractional error are given 
by the solid lines in figure 3. Ina similar 
manner the error D,’ in the mth har- 
monic component of the total. space cur- 
rent that is involved in assuming that 


Ay fie 
e =(Fb+p)cos wt-2 


Figure 4. Approximation of a section of a 

sine-wave section of harmonic frequency by a 

section of a sine wave of fundamental fre- 
quency 
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the pulse is the square of a section of a 
simple sine wave is 


1 8/2 
Di 2e’D cos nut d(wt) 
™ J -6/2 


2 9/2 cos wt — cos 0/2 
=— SS IDR 
Tf 257g Le STe0s 0/2 


cos nwt d(wt) 


2k jf . @ | sin (2n — 1) 6/2 
= sin 
rAl 2 Don 1) 
sin (2n + 1)0/2_ B E no /2 
2 (2n + 1) A n a 
sin (n — 2) 6/2 sin (n + 2) 6/2 
2 (n —-2) 2(n +2) 
|= (n —1)0/2 sin(a + 1) 0/2 | 
(n — 1) Goal) erds) a 
2 cos 6/2 


1 — cos 6/2” (12) 


The ratio of the error given by equation 
(12) to the nth-harmonic component of 
the space current for the square-law char- 
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acteristic as given in figure 2 is then the 
fractional error. This is plotted in figure 


3 for various harmonics as a function of 


angle of current flow. 


Calculation of Harmonic- 
Generator Performance 


It is now possible to calculate the per- 
formance of the harmonic generator for 
any given set of operating conditions. 
In doing this the operating condition is 
defined in terms of the angle of current 
flow 6, maximum grid potential Emax, 
minimum plate potential Emin, grid bias, 
and plate-supply voltage. The first 
step is to determine the peak total space 
current J,, and peak grid current J,, cor- 
responding to the given values of Emax and 


_ Emin, by using characteristic curves as 


supplied by the tube manufacturer. 
The d-c and harmonic components Jp and 
I, of the total space current for this value 
of J, are then obtained from figure 2, 
assuming that the current pulse is a sec- 
tion of a sine wave raised to a power of the 
order of 3/2. The next step is to deter- 
mine from figure 3 the fractional cor- 
rections for the d-c and harmonic com- 
ponents, interpolating between the dotted 
and solid curves according to the expo- 


Figure 5. Curves 


as approximating a section of a sine wave 
of fundamental frequency that has been 
squared. The angle of current flow 
6, for this pulse can be calculated from 
the equation 


E. 
cos 0,/2 = — 
o/ E, 


(13) 


The d-c, fundamental-frequency, and 
harmonic-frequency components of the 
grid current can now be evaluated in 
terms of @, and the peak grid current, with 
the aid of figure 2. The d-c plate cur- 
rent is then the d-c component of the total 
space current minus the d-c grid current, 
and the harmonic component of the plate 
current is the harmonic component of the 
total space current minus the harmonic 
component of the grid-current pulse. (If 
secondary emission is large the shape of 
the grid current pulse is modified. Un- 
der such conditions the effect of grid 
current can be evaluated roughly by es- 
timating the ratio of d-c grid current to 
d-c component of total space current on 
the basis of previous experience, and then 
assuming that the fundamental and har- 
monic components of the grid current 
are twice the d-c value.) 

It now remains to determine the power 
relations. The power supplied to the 


showing the  per- 
formance of a typical 


tube operated as a 
harmonic generator 
under various condi- 
tions 


PLATE EFFICIENCY 


DRIVING POWER 


PLATE LOSS 


OUTPUT 


e? 


nent used in connection with figure 2. 
These fractional corrections are then 
multiplied by the value of k for the case 
at hand, and the necessary corrections 
determined, and subtracted from the re- 
sults of figure 2 to give the components of 
the actual pulse of total space current. 
The division of these components be- 
tween grid and plate electrodes can be de- 
termined by the fact that when secondary 
electron emission at the grid is not ex- 
cessive (as is normally the case), the 
pulse of grid current can be considered 
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LOAD IMPED. x 1072 


plate circuit is the d-c component of the 
plate current multiplied by the plate- 
supply voltage, while the power output 
delivered to the tank circuit is half the 
harmonic component of the plate cur- 
rent multiplied by the crest alternating 
plate-cathode voltage E,. The ratio 


* The allowable peak space current is determined by 
the cathode emission, assuming a reasonable factor 
of safety. Manufacturers have not, however, 
established peak current ratings for their tubes. 
Until this is done the designer may assume that the 
peak current rating approximates four to five 
times the sum of d-c plate and grid currents ob- 
tained with recommended class-C telegraph opera- 
tion. 
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of these two powers gives the plate ef- 
ficiency, and their difference gives the 
dissipation at the plate. The ratio of 
the alternating plate-cathode voltage 
E,, to the harmonic component of the 
plate current equals the load impedance 
that the tank circuit must supply. 

The grid bias can be calculated by the 
following formula derived from conven- 
tional theory: 


Grid bias = F, 
_ Ep (1 — cos n0/2) + Emin cos n0/2 
yo u (1 — cos 0/2) 

Emax cos 0/2 


1 — cos 6/2 Us) 


The peak exciting voltage is H, + Emax, 
and the grid driving power is this peak 
exciting voltage multiplied by half the 
fundamental-frequency component of grid 
current. 

An example illustrating the details of 
the calculation procedure is given in the 
appendix. 


Discussion of Factors Involved in 
Design of Harmonic Generators 


The most important operating char- 
acteristics of a harmonic generator are 
the harmonic power delivered to the tank 
circuit, the power dissipation at the plate 
of the tube, and the driving power. The 
design factors available to control the 
performance are the angle of current 
flow, the minimum instantaneous poten- 
tial Emin reached by the plate, and the 
maximum instantaneous potential Emax 
reached by the grid. The influence of 
these design factors on the performance 
of a harmonic generator is illustrated in 
figure 5. A study of this figure, together 
with figures 2 and 3, brings out the salient 
features involved in harmonic generator 
behavior. Furst, for a given peak space 
current* and harmonic, the power output 
will be maximum when the angle @ of 
current flow based on the fundamental 
frequency is approximately 260°/n. The 
maximum is not critical however, and 
angles of flow differing from this by as 
much as +40 per cent give good output. 
Second, the plate efficiency of the har- 
monic generator is increased by reducing 
the angle of current flow to a value smaller 
than that giving maximum output be- 
cause this causes the d-c component of 
the total space current, and hence the 
input power, to decrease faster than the 
output falls off. It is also to be noted that 
the plate efficiency of a harmonic genera- 
tor will be considerably less than for the 
corresponding class-C amplifier unless 
the angle of flow is appreciably less than 
the value for maximum output. Third, 
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the values of Emin and Emax not only 
must be such as to draw the maximum 
allowable space current, but should also 
normally have a ratio Emax/Emin some- 
what less than is customary in class-C 
amplifiers in order to keep the grid cur- 
rent, and hence the driving power, low in 
spite of the large exciting voltage required. 
Fourth, the driving power increases as 
the angle of current flow is reduced, and 
becomes excessive at angles of flow as 
small as 60 to 70 degrees. Because of 
this the driving power is as much a limit- 
ing design factor in harmonic generators 
as is the plate loss and power output. 
Fifth, the load impedance that the tank 
circuit must supply is greater for har- 
monic generators than for the corre- 
sponding class-C amplifier, and becomes 
greater the higher the order of harmonic. 
This results from the fact that for proper 
operation the voltage across the tank cir- 
cuit is independent of the harmonic 
whereas the output power is less the 
higher the harmonic. With a given 
effective tank circuit Q this means that 
the L/C ratio should be higher for har- 
monic generators than class-C amplifiers. 
Sixth, the output power obtainable in 
second harmonic generation is about 
2/3 of the output that the same tube will 
develop as a class-C amplifier, and for 
higher harmonics the output is roughly 
inversely proportional to the order of the 
harmonic. Seventh, the fact that output 
goes down and driving power goes up as 
the order of the harmonic is increased 
makes it unwise to attempt harmonic 
generation above the third or fourth 
harmonic under ordinary conditions, since 
with fifth harmonic operation the driving 
power can be expected to be of the same 
order of magnitude as the power output. 


Accuracy 


The accuracy of the analysis that has 
been developed for harmonic generators 
is entirely adequate for ordinary design 
purposes. The principal assumption in- 
volved is that the total space current of 
the tube is proportional to (HZ, + E,/)*, 
where w and a are constants. If the val- 
ues of uw and a@ are taken for conditions 
corresponding to a fairly large total 
space current experience® shows that the 
errors introduced by considering a and 
w constant are quite small even though a 
and « vary appreciably as cutoff is ap- 
proached. ‘The method of handling grid 
current also involves some approxima- 
tion, but this is unimportant, particularly 
if there is no secondary emission. In any 
case the action of grid current is in itself 
only a second-order effect and therefore 
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need not be determined with precision. — 


The neglect of the D? term in obtaining 
equations (11) and (12) also introduces 
some error, particularly when @ exceeds 
260°/n, but since the values of k en- 
countered in practice are usually less than 
0.5, the error in the actual pulse of total 
space current from this approximation 
will reach five per cent only in the most 
unfavorable cases. 

Under ordinary conditions the analysis 
can be expected to give calculated plate 
loss, output power, and plate current, 
correct within about five per cent unless 
the angle of flow is exceptionally large for 
the harmonic involved, or unless there is 


Table |. Agreement Between Calculated and 
Exact Harmonic-Generator Performance 


Conditions: Type 204-A tube, Ez = 1,500, 

Ema >On Eni) SV >in — lnvormpenes, 

peak grid current = 295 milliamperes, @ = 
100 degrees, n = 3, E, = 751 volts 


=< 


Approxi- 


mate Exact 


D-ce plate current (milliamperes)....189....196 


D-c grid current (milliamperes)..... Zhen, 20 
Power input (watts)...............284....294 
Power output (watts)............. 105... ..102 
Driving power (watts)............. 26st LO 
Plate-logs: (watts) dee -.o aetecuesion oe 179%. oe bO2 
Plate efficiency (per cent).......... Sica OO 


excessive secondary electron emission at 
the control grid. Even then the ac- 
curacy to be expected is normally within 
ten per cent, which is of the same order of 
magnitude as the variations in the char- 
acteristics of individual tubes of the same 
type from the published characteristics. 

A comparison of the performance as 
calculated by the method that has been 
developed, with the exact performance is 
given in table I for a typical case. 


Appendix 


Example of Design and Calculation 
of a Harmonic Generator; Com- 
parison With Exact Performance 


In order to show how the above analysis 
is applied, assume that it is desired to 
obtain third harmonic generation from a 
type 204-A tube operating at 1,500 volts, 
having » = 23, and a normal rated plate 
dissipation of about 200 watts. This 
tube is not the most satisfactory one for 
demonstrating the accuracy of the method 
of analysis that has been developed be- 
cause the published characteristics of 
the 204-A tube show more secondary 
electron emission at the grid than do most 
air-cooled tubes. However, it is selected 
because it is one of ‘the few tubes for which 
the published characteristics are suffi- 
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ciently complete to permit checking of the 
approximate analysis by exact point-by- 
point calculations. Most of the so-called 
“complete”? characteristic curves of trans- 
mitting tubes found in tube manuals are 
not extended to high enough plate poten- 
tials to cover the full operating range com- 
monly used in harmonic generators. 

The first step in the design is the selec- 
tion of a suitable peak space current and 
corresponding values of Emin and Emax. 
Reference to the data supplied by tube 
manufacturers indicates that J, = 1,260 
milliamperes will be satisfactory, and that 
this could be obtained by Emin = 375, 
Emax = 250. With this combination the - 
peak grid current will be 225 milliam- 
peres, which is small enough to keep the 


- driving power low, and yet at the same 


time Emin will be small compared with 
the plate-supply voltage. 

The next step is the selection of a value 
of 6. From the discussion given in the 
paper, combined with an examination of 
figure 2, it appears that 6 = 100 degrees 
would be reasonable. With this value of 
6, and assuming a 3/2-power law, figure 2 
then gives Io/Im = 0.161, and I,/Im = 
0.177. The fractional corrections that 
figure 3 indicates would be applied to 
these for a 3/2 law and for k = 1 are 
—0.33 for the d-c term and —0.060 for 
the third-harmonic component. How- 
ever, as Rk is [(1,500 — 375)/23]/250 = 
0.20 the actual corrections are —0.065 and 
—0.012, respectively. The d-c and third- 
harmonic components of the total space 
current are then 1,260 X 0.161 (1+0.065) 
= 216 milliamperes, and 1,260 X 0.177 
(1 +0.012) = 226 milliamperes, respec- 
tively. From equation (14) the grid 
bias is found to be 751 volts, which makes 
the peak signal voltage 1,001 volts. The 
angle @, of grid-current flow is then given 
by equation (13) as 82.8 degrees. As- 
suming a square-law grid-current pulse, 
reference to figure 2 shows that for a 
peak grid current of 225 milliamperes, the 
d-c, fundamental-frequency, and _ third- 
harmonic components of the grid current 
are 27, 52, and 39 milliamperes, respec- 
tively. As the peak signal voltage is 
1,001 volts the grid driving power is 
1,001 X 0.052/2 = 26 watts. If grid- 
leak bias is used the leak resistance is 
751/0.027 = 28,000 ohms. Next, sub- 
tracting the d-c and third-harmonic com- 
ponents of the grid current from the 
total space current, gives 189 milliam- 
peres, and 187 milliamperes, respectively, 
as the d-c and third-harmonic compo- 
nents of the plate current. This calls for a 
tank-circuit impedance of 1,125/0.187 = 
6,000 ohms. The power input to the 
plate is 284 watts while the third-har- 
monic power delivered to the tank circuit 
is 0.187 X 1,125/2 = 105 watts. The 
plate efficiency is hence 37 per cent while 
the plate dissipation is 179 watts. Inas- 
much as this loss is slightly less than the 
rated value for normal operation, the 
assumed Hmin, Emax, and @ represents a 
suitable operating condition. 

The performance of this harmonic gen- 
erator for the same Ez, Emin, Emax, and 
E, has been calculated exactly by graphi- 
cal integration of curves such as shown 
in figure 1 drawn on the basis of tube 
characteristics given in the tube manual. 
The results are given in table I, and show 
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ANY new developments have 
ave grown out of the vibration re- 
corder! originally described before the 
AIEE in 1926. One of the first of these 
developments resulted in apparatus for 
recording transient pressures electrically.‘ 
This has been used to measure transient 
pressures in switchgear apparatus, trans- 
formers, water wheels, steam turbines, 
gasoline engines, refrigerators, and in 
other places. Another is the electric 
gauge*’® which has many applications. 
It is used for the most accurate gauging 
of production parts in machine shops 
and inspection rooms, also it is widely 
used in steel mills for continuous gauging 
of strips as they are being rolled, for con- 
trolling their thickness, for measuring the 
tension in the strip!® and the pressure ap- 
plied to the mill rolls. Another applica- 
tion is the measurement of the thickness 
of paint, enamel, or other nonmagnetic 
coatings over steel.'$ 

The electric strain gauge is an instru- 
ment for measuring mechanical strains 
electrically. Electrical, mechanical, and 
civil engineers have used it very success- 
fully. It has proved its value in the study 
of stresses in railroad tracks and in bridge 
members as locomotives pass over them 
and in determining the lateral thrust pro- 
duced by the axles of the locomotives." 

Electric-locomotive designs have been 
greatly influenced by the results ob- 
Paper number 38-97, recommended by the AIEE 
committee on instruments and measurements and 
presented at the AIEE summer convention, Wash- 
ington, D. C., June 20-24, 1938. Manuscript sub- 
mitted November 4, 1938; made available for pre- 
printing May 31, 1938. 
M. A. RusHER and A. V. MERSHON are both em- 
ployed in the general engineering laboratory of the 
General Electric Company, Schenectady, N. Y. 


1. For all numbered references, see list at end of 
paper. 
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tained from these gauges. It is equally 
useful in measuring the strain in machine 
parts when they are subjected to stress. 

Originally these developments used an 
oscillograph to produce records in which 
a 500-cycle wave was modulated, figure 
5 (a). The envelope of the wave showed 
the variations in the quantity being re- 
corded. In order to obtain accuracy the 
deflections were necessarily large and the 
number which could be recorded on a 
single film without overlapping each other 
was correspondingly small. 

The record obtained from the electric 
strain gauge is a single-line trace of the 
varying strain in the part to which the 
gauge is attached. Several of these 
curves can be recorded on a film, figures 
5 (0) and (c), even though the deflections 


differential transformer coils will have 
zero drop across them when the strain- 
gauge head and the balancing unit have 
about the same air gaps. The air gap of 
the balancing unit remains fixed while 
that of the strain-gauge head varies ac- 
cording to the strain in the piece of ap- 
paratus under investigation. The volt- 
age drop across the differential trans- 
former varies with the changes in the air 
gap of the strain-gauge head and the de- 
flections of the oscillograph galvanometer 
are proportional to these. 

The strain-gauge head A, figure 1, is 
shown mounted on a test bar and its 
balancing unit B is at the right. Cisa 
mounting fixture used to align the gauge 
head while attaching it to the work. 
Changes in length of the test bar vary 
the air gap between the two parts of the 
magnetic circuit of the gauge head. In 
figure 2 is shown a four-circuit power unit 
for use with four strain-gauge heads and 
their balancing units. The four oscillo- 
graph galvanometers and the necessary 
2,000-cycle excitation are also connected 


are comparatively large. This makes it 
possible to obtain greater sensitivity with- 
out introducing difficulty in interpreting 
the records. 

The electric strain gauge, shown in 
figures 1 and 2, has a circuit funda- 
mentally the same as that of the vibra- 
tion recorder.! The four arms of an 
a-c bridge circuit, figure 3, contain, re- 
spectively, a strain-gauge head, a bal- 
ancing unit and two coils of a differen- 
tially connected transformer. The two 


a 


an agreement entirely satisfactory for 
design purposes even in spite of the fact 
that the 204-A tube has considerable sec- 
ondary electron emission at the control 
grid. This secondary emission makes 
the grid-current pulse more peaked than 
a square law, thereby reducing the d-c 
grid current below the calculated value 
while raising the d-c plate current, but 
without affecting the third-harmonic 
component of grid and plate currents 
appreciably. If it were not for these 
effects of secondary emission the agree- 
ment between calculated and exact re- 
sults would be within three per cent, but 
even as it is the errors in calculated power 
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output and plate loss are less than seven 
per cent. 
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Figure 1 


A—Strain-gauge head mounted on a test bar 
B—Balancing unit 
C—Atttaching fixture 


Figure 2. Power unit for use with four strain- 
gauge heads 
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to the power unit, producing a record of 
four strains simultaneously. For con- 
venience in operating in the field a 2,000- 
cycle generator driven by a 12-volt motor 
is operated from a 12-volt storage battery, 
figure 3. Where a power supply is avail- 
able, the 2,000-cycle generator can be 
driven by a standard motor. 

The principal difference between the 
old vibration recorder and the new strain 
gauge lies in the oscillograph galvanome- 
ter circuit. This circuit includes, in 
addition to the galvanometer, a copper- 
oxide rectifier, a 2,000-cycle filter, and a 
4,000-cycle filter. The galvanometer cir- 
cuit must have a low impedance for all 
frequencies within the range in which 
mechanical phenomena occur, as for ex- 
ample, from one to 1,000 cycles per 
second. Most mechanical apparatus on 
which strain gauges would be used will 
have natural frequencies well within this 
range. 

In order to obtain relative values for the 
various frequencies to be recorded, it is 
necessary to use a galvanometer filter cir- 
cuit that will give all frequencies approxi- 
mately the same weighting. In other 
words, the output circuit impedance 
should be the same for all frequencies 
within the range in which the circuit is to 
be used. 

A typical frequency-impedance curve 
is plotted in figure 4, showing that the 
impedance remains approximately the 
same up to 1,000 cycles per second, 
ranging from 125 to 180 ohms. Mechani- 
cal deflections in the range from 1,500 
cycles to 2,200 cycles will be recorded at 
greatly reduced values as these fall within 
the resonant zone of the 2,000-cycle 
filter, which is designed with a high im- 
pedance to eliminate the 2,000-cycle ex- 
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citation of the generator. A 4,000-cycle 
filter circuit is used to eliminate the 
4,000-cycle ripple. 

The two high-impedance peaks in fig- 
ure 4 come at 2,000 cycles and at 3,800 
cycles per second, where the circuit is in 
resonance for the purpose of eliminating 
the excitation frequencies. The im- 
pedance at these two frequencies are 
approximately 3,400 ohms and 7,000 
ohms, respectively. 

In order to clarify the results of pro- 
ducing a pure d-c record from an a-c ex- 
citation source, let us consider what is 
going on within the oscillograph-galva- 
nometer filter circuit. The copper-oxide 
rectifier receives a 2,000-cycle alternating 
current for its input, which contains 
equal amplitudes for each of the indi- 
vidual half cycles provided there is no me- 
chanical disturbance being investigated. 
When mechanical transients occur, the 
individual half cycles vary in amplitude 
in proportion to the disturbances which 
are being measured. In other words, the 
2,000-cycle carrier wave is modulated by 
the mechanical phenomena. The cop- 
per-oxide rectifier receives this modulated 
2,000-cycle wave and has for an output a 
modulated pulsating wave. The pulsa- 
tions from the rectifier are eliminated 
from the galvanometer circuit by the 
2,000-cycle and the 4,000-cycle filters, 
thus producing a d-c deflection. 

A Fourier Series analysis of the recti- 
fier pulsations shows a d-c component, a 
fundamental of 4,000 cycles, a lower fre- 
quency component of 2,000 cycles, and 
harmonics higher than 4,000 cycles. An 
oscillographic analysis of the galvanome- 
ter circuit shows that the galvanometer 
itself produces considerable mechanical 
damping as the natural frequency of the 
supersensitive galvanometer used is ap- 
proximately 1,200 cycles per second. 
The 4,000-cycle filter when used alone 
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Figure 4. Frequency-impedance curve of 
oscillograph-galvanometer filter circuit of 
electric strain gauge 


leaves a 2,000-cycle ripple on top of the 
d-c deflection. This 2,000-cycle ripple 
comes from the rectifier and the mag- 
netic pick-up in the circuit. The 4,000- 
cycle filter and the 2,000-cycle filter, to- 
gether with the mechanical damping of 
the galvanometer, produce a d-c deflec- 
tion which is practically free from alter- 
nating current. 

The oscillogram, figure 5 (b), shows a 
record of the mechanical transient which 
occurred in a test bar when subjected to a 
sudden blow. Curve B shows this tran- 
sient as recorded by the strain gauge. 
Curve C shows the corresponding 2,000- 
cycle transient supplied to the rectifier. 
Curve A is a 60-cycle timing - wave. 
Strain-gauge records such as curve B can 
be easily identified even when they over- 
lap each other. It is possible to record 
six such curves simultaneously when using 
a six-element general-purpose oscillo- 
graph. Figure 5 (c) shows five records 
which can readily be distinguished from 
each other at all points. 

The strain-gauge head A, figure 1, 
must be calibrated very accurately in 
order to measure the small changes in 
length of the part under test. For this 
purpose it is mounted at A on a cali- 
brating stand, figure 6, just as in actual 
use, with the balancing unit B in the 
second leg of the bridge circuit, figure 3, 
of which the remaining two legs are in the 
power unit, figure 2. It is customary to 
make this calibration in ten-thousandths 
of an inch (0.0001-inch steps) although 
less accurate calibrations are sometimes 
sufficient. An electric gauge E, figure 6, 
is used with its power unit F and indi- 
cating microammeter G as a calibrating 
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Figure 5b. Strain-gauge record 


A—Timing wave, 60 cycles 
B—Mechanical transient, impressed on the 
electric strain-gauge circuit 
C—2,000-cycle a-c input to copper-oxide 
rectifier 


medium. A 2,000-cycle power supply is 
used for excitation and an oscillograph 
galvanometer for recording in order to 
be able to apply the calibration to rapid 
changes which may occur while the 
strain gauge is being used. The calibra- 


tion is made by taking readings of oscil- 


lograph deflections corresponding to a 
number of definitely spaced settings of 
the strain-gauge head. The indicating 
instrument G, figure 6, which is used with 
the electric gauge E, gives a full-scale 
deflection for 1/1,000 inch movement at 
the strain gauge, a magnification of 5,000 
to one. Provision is made on the cali- 
brating stand for comparing the electric 


Table |. Calibration of Strain-Gauge Head 
Master Oscillo- 
Gauge graph Gal- 
Blocks, vyanometer 
Nominal Defiections 

Thickness Thickness Micro- (Milli- 
(Inches) (Inches) amperes meters) 
021.000 qo. 0.10000..... WOO ism cere ll 
CRS Dereon D100.) .7.,«'. pI a 15 
Oe OO2ars..e O10019.22... BT he sre 22.5 
0.10032 25.2 0230028 ....0... bY eesti es 28.5 
0.1004..... SEDO SG is are wae DOB o5 cue 32. 
OF L005: ans s DUA S onic. - DAs Ute see 41. 
OntOOGr re. - 0.10060.. BOS cen eG 48.5 
OSLOOT SS. S- 0.10068. . EP is oes 53.5 
OF L008 ase x OLOOTS re SED ae arent 61. 
OS TOO9:. secre: 0.10090..... Hist he eae 68.5 
OTOL se an. 010098. 5 = BOSS cence 75.5 
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Figure 5c. Simultaneous records using elec- 
tric strain gauges and vibration recorder 


gauge directly with accurate thickness 
standards. 

After calibrating the strain-gauge head 
on the stand, it can be moved to a test 
position without changing its calibration 
when its air gap is reset to give the same 
oscillograph deflection. 

A typical calibration of a strain-gauge 
head is shown in table I. This calibra- 
tion was taken with air gaps of approxi- 
mately 0.010 inch in the strain-gauge head 
and balancing unit. It is here seen that 
a strain of 1/100,000 inch produces an 
oscillograph deflection which is easily 
read. Corresponding calibrations with 
larger air gaps can be taken if less sen- 


Figure 6 (above). Strain gauge calibrating 

equipment (power unit at left, calibrating stand 

and gauge heads in center, indicating instru- 
ment at right) 
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sitivity is desired in order to cover a 
wider working range. 

The calibrations of table I are made 
statically, but they can be applied to 
transient measurements over the fre- 
quency range for which the instrument 
was designed. The variations in air gap 
of the strain-gauge head produce changes 
in impedance of that branch of the bridge 
circuit which are independent of their 
rate of change and should be recorded 
correctly if they are within the frequency 
range of the electric gauge and of the os- 
cillograph galvanometer used. In order 
to obtain high current sensitivity a super- 
sensitive oscillograph galvanometer is 
used for recording. This can be used up 
to at least 500 or 600 cycles per second 
without correction. A transient such as 
that shown in curve B, figure 5 (b), was 
over in !/s) second so that it was well 
within the working range of the oscillo- 
graph galvanometer. Errors due to 
change of damping of the oscillograph 
galvanometer with change of tempera- 
ture are practically eliminated due to the 
fact that the comparatively low fre- 
quency of the modulated wave is re- 
corded instead of the higher carrier fre- 
quency. 

If only static or slowly varying strains 
are to be recorded, a carrier frequency 
lower than 2,000 cycles is satisfactory de- 


Figure 7 (below) 


A—Travel recorder detector 
B—Balancing unit 
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pending upon the rate of change of the 
stress. An indicating instrument can be 
substituted for the oscillograph galva- 
nometer to show the magnitude of static 
strains only. 

In connection with the measurement 
of strain, it is frequently desirable to de- 
termine the relative movement of parts. 
A travel-recorder detector, designed to 
measure deflections up to one inch, is 
shown in figure 7 together with its bal- 
ancing unit. These are substituted for 
the strain-gauge head and balancing unit 
of figure 3, producing a record comparable 
with that from the strain gauge. It is 
used with the oscillograph when very 
rapid changes are to be recorded or with 
an indicating instrument to show slower 
movements. 

The armature, shown in the middle of 
figure 7 is mounted on the moving part 
and the frame of the detector on the sta- 
tionary part so that one moves with re- 
spect to the other. The deflections on the 
oscillograph film are directly proportional 
to the mechanical motions and are uni- 
directional with respect to the electrical 
zero. 


Summary 


The electric strain gauge can be used to 
record accurately strains as low as 0.00001 
inch, whether these are static or are os- 
cillatory at frequencies up to at least 
500 cycles per second, and the single-line 
trace allows several measurements to be 
recorded simultaneously. 
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Discussion 


C. M. Hathaway (General Electric Com- 
pany, Schenectady, N. Y.): This paper is 
intended by its authors to serve as a prog- 
ress report to the Institute and it should be 
welcomed because a great deal has been 
accomplished since the original presentation 
by A. V. Mershon, one of the co-authors of 
the present paper, in 1926, in a paper en- 
titled ‘Vibration Recorder for Electrically 
Measuring and Recording Small Mechanical 
Movements.” 

Although the device originally described 
by Mr. Mershon has received numerous 
modifications since that time as its applica- 
tion has been extended in many different 
directions, the same fundamental circuit 
still survives. This present paper described 
the extension of the application of the gauge 
to measurements at higher frequency, the 
addition of a filter to provide a more de- 
sirable type of record as well as a more ac- 
curate one, and the application of the gauge 
to the measurement of strain. 

The applications of the electric gauge 
since its original conception have been nu- 
merous, and they are, I believe, just as inter- 
esting to engineers in all branches of our 
profession, so I will present a little histori- 
cal sketch of its development from infancy 
to the present time, and describe some of its 
interesting and more recent applications. 

The fundamentals of the electric gauge 
were first worked out in order to measure 
the motion of hydraulic gate valves under 
water. The principle was applied shortly 
thereafter to the measurement of transient 
pressures in  oil-circuit-breaker housings 
and to the measurement of the displace- 
ments of rotating parts within turbine hous- 
ings. About this time a refrigerator manu- 
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facturer was in need of an accurate gauge for 
the production measurement of compressor 
parts having tolerances of “plus nothing— 
minus 0.0003 inch.” The electric gauge 
principle was naturally applied to this prob- 
lem also and with very satisfactory results, 
1/,0,000 inch being expanded to one inch on 
the scale of the indicating instrument. 
The refrigerator manufacturer was enabled 
to inspect his parts more accurately and 
rapidly than before, and actually to assort 
his parts for matched assembly within his 
small tolerance range. Special multiple 
gauging stands were built, permitting as 
many as four dimensions to be gauged simul- 
taneously. Points of wear were tipped 
with tungsten carbide, diamond, or sap- 
phire, and some of the original stands have 
been in continuous use since 1930 and are 
still in operation. 

The successful operation of these gauges 
in the plant of the refrigerator manufacturer 
so impressed a gauge manufacturer that an 
arrangement was made for supplying the 
electric gauge to the trade, so that the elec- 
tric gauge is now well known and is found 
in many manufacturing plants throughout 
this country and parts of Europe. 

An interesting application of the electric 
gauge has been made to the tail-stock of the 
Pratt and Whitney measuring machine 
enabling this machine to be used for com- 
parison work to a millionth of an inch if 
proper precaution is taken in regard to 
constancy of temperature. 

Perhaps to the engineer the most interest- 
ing and useful application of the electric- 
gauge circuit is to the measurement of 
strain. Strain gauges have been built and 
used with good results in a number of in- 
vestigations involving the measurement of 
stress in mechanical and structural members. 
Studies have been made of stresses in bridge 
structures during passage of high-speed 
locomotives, enabling the engineers to study 
stresses in structures too complex to permit 
ready calculation, and to investigate the 
resonant behavior of the bridge as trains 
crossed it at various speeds. Investigations 
have been made of stresses in electric loco- 
motive members during service, and of 
stresses in rails and joint bars under various 
normal and abnormal conditions. Most of 
these investigations were carried on with a 
strain gauge weighing between four and five 
ounces and having a gauge length of 21/, 
inches. This gauge is sensitive enough to 
permit measurement of stress as low as 100 
pounds per square inch in steel, without the 
use of amplification. 

A recent development in this strain gauge 
makes use of amplification, not to increase 
sensitivity but to decrease the size of the 
gauge head. The result is a gauge head 
weighing about one-half ounce and having a 
gauge length of an inch. This small strain 
gauge is particularly useful for measurement 
of stresses in aircraft parts and members of 
small section. 

The electric gauge has been applied to 
cold-strip-steel rolling with surprising re- 
sults. By the electric gauge the thickness 
of the finished product is continuously indi- 
cated, the pressure exerted on the rolls is 
measured, and the tension on the strip be- 
tween stands is both indicated and auto- 
matically controlled. These applications of 
the electric gauge have alone increased the 
rolling speed from about 250 feet per min- 
ute to more than 1,300 feet per minute. 
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“De-ion” Air Circuit Breakers for A-C 
Feeder, Motor Starting, and Station 


Auxiliary Service 


By R. C. DICKINSON 
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Synopsis: The first circuit interrupters for 
a-c service were of the air-break type, fol- 
lowed very shortly by oil circuit breakers 
for general high-voltage service. Air ‘“‘De- 
ion” circuit breakers introduced in 1928 
provided a new type of circuit interrupter 
for a-c service. Recent applications of 
these principles result in a line of De-ion air 
circuit breakers for 2,500-volt and 5,000- 
volt ratings suitable for use in a-c feeder 
circuits, motor starting, and general station 
auxiliary service. 


HE electrical industry used air-type 

arc-interrupting devices when it first 
became desirable or necessary to open 
the circuits between the generators and 
the loads. Very little was known about 
arc characteristics except that after an 
are was stretched sufficiently, the circuit 
voltage would not maintain it and the 
circuit would be interrupted. In about 
1895 the increased voltage and power re- 
quirements incidental to the extension of 
a-c systems led to the introduction of the 
oil circuit breaker on account of its com- 
pactness and the confinement of the arc. 
Both air and oil circuit breakers continued 
in use for several years, but the advan- 
tages of the oil breaker led to the disap- 
pearance of the air breaker from the 
higher voltage a-c fields. The older 
catalogues indicate the use of air circuit 
breakers for voltages up to and possibly 
higher than 66-kv as late as 1902. Figure 
1 illustrates this general type of construc- 
tion as applied to 2,300-volt service. 

The oil circuit breaker gradually be- 
came the principal factor in high-voltage 
a-c switching. Nevertheless, the air 
circuit interrupter has continued for 
application to d-c service as high as 
3,000 volts and for a-c service of 2,300 
volts and in some cases at higher volt- 
ages. The magnetic blow-out prin- 
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ciple was introduced as a modification of 
the “long are’”’ principle of circuit inter- 
ruption and these devices continue in use 
for moderate power requirements. 

The steady growth of the electrical 
industry resulted in continually increas- 
ing concentrations of power and an ever- 
growing necessity for continuity of serv- 
ice, requiring greater safety and depend- 
ability of operation, particularly on the 
part of the switchgear. Improvements 
were made in the construction of oil cir- 
cuit breakers to meet these increasingly 
severe operating conditions and research 
was directed into the fundamental prin- 
ciples of a-c circuit interruption. 

As a result of this research, the ‘‘De- 
ion” air circuit breaker principle was 
introduced in 1929'?, This De-ion air- 


break principle was based on a new con- 
cept of are phenomena resulting from in- 
tensive studies of the fundamental struc- 
ture of matter, which work, of course, had 


Figure 1. 


High-voltage 2,500-volt air circuit 
breaker used as late as 1902 to 1904 
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been going on for a good many years. 

Because of the fundamental soundness 
of the De-ion theory, it then became pos- 
sible to design circuit breakers for a defi- 
nite performance. The inherent ad- 
vantages of De-ion air circuit breakers 
over other types of air circuit breakers 
were found to be chiefly compactness, 
relatively high arc rupturing ability, short 
duration of arcing, and the control of are 
products, and thus opened up new pos- 
sibilities of switchgear without oil for 
25,000 volts and below, and at moderate 
interrupting capacities. 

To review briefly the theory of the De- 
ion air circuit breaker, its operation de- 
pends primarily upon the high initial 
rate of recovery of dielectric strength of a 
thin space at an are cathode, this being 
in the order of 250 volts within the first 
microsecond. If a series of N arc spaces 
is provided, a voltage of 250 N can be 
interrupted on commercial circuits al- 
though a lower voltage per arc space is 
used in actual practice. Since the inter- 
rupting process depends primarily upon 
the rapid development of a very thin 
layer of dielectric at the arc cathode, it 
follows that the individual arcs in the 
series need not be long and in fact they 
may be as short as is commercially prac- 
ticable. The net result is that in a 2,500- 
volt 100,000-kva De-ion air circuit 
breaker, capable of interrupting the full 
2,500 volts on a single element, the length 
of the active parts of the interrupter is 
less than six inches. 

In general, the duration of arcing in 
De-ion air circuit breakers averages from 
one-half to one cycle at the usual range 
short-circuit currents. The arc is quickly 
moved from the arc tips into the inter- 
rupting element and the circuit is gener- 
ally interrupted at the next zero point of 
current. 

The interrupting element of the De-ion 
air circuit breaker, being composed es- 
sentially of a series of copper plates sepa- 
rated by thin insulating spacers, com- 
pletely encloses the arc and the latter is 
never exposed to the exterior parts of the 
breaker. By the proper design and choice 
of materials it is thus possible to control 
the expanding gases resulting from the 
are. As a result, the De-ion air circuit 
breaker has been adapted to metal en- 
closed switchgear which compares favor- 
ably in size to corresponding oil switch- 
gear. 

The first practical design of a De-ion 
air circuit breaker was at 2,300 volts. 
This breaker was not commercialized but 
several were placed in trial operation on 
transformer and motor circuits in the 
East Pittsburgh plant in August 1927. 
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Two of these units are still in active 
service. 

The next design of De-ion air circuit 
breaker was in the 15-kv class, with an 
interrupting rating of 20,000 amperes, 
equivalent to 500,000 kva. Approxi- 
mately 100 of these breakers were placed 
in central station service between 1928 
and 1932, the earliest of these units still 
being in operation with the original 
interrupting elements. 

Many other interesting applications 
of the De-ion principle have been made 
for 5,000-volt, 7,500-volt, 15,000-volt, 
and 25,000-volt classes. However, this 
apparatus has in general been more costly 
to build than corresponding oil breakers 
and the great increase in oil breaker ef- 
ficiency in recent years has removed to a 
large degree the necessity for duplication 
of apparatus lines. 

Since De-ion grids not only became 
available for new oil circuit breakers, 
but also were applicable to circuit break- 
ers in the customer’s possession, the ad- 
vantages of the De-ion air circuit breaker 
became less apparent. However, with the 
accumulation of field experience with 
these early De-ion air breakers, certain 
fields proved logical ones for the exploi- 
tation of the De-ion principle: 

(a) Elimination of fuses from low voltage 
a-c and d-c switchgear has been very gen- 
eral in recent years and the De-ion principle 
as incorporated in the small line of breakers 


illustrated by figures 2 and 3 is typical of 
the apparatus now serving that field. 

(b) The 6,600-volt three-phase steel-mill 
main-motor-drive switchgear has proved a 
fertile field for De-ion air breakers, because 
of the fact that these breakers proved their 
ability to handle highly repetitive service 
with little or no maintenance. The forward 
and reverse breakers for main drive motors 
of 5,000 horsepower at 6,600 volts, are in 
some cases required to operate 1,500 to 2,000 
times per month on starting and full-load 
currents. 


A line of 7.5-kv breakers was introduced 
in 1933 for this type of service which has 


Low-voltage De-ion air circuit 
breaker, 600 volts alternating current, 250 
volts direct current 


Figure 2. 
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since been expanded into metal enclosed 
equipment of both horizontal draw-out 
and cubicle construction. Figure 4a 


shows a 1,200-ampere 7.5-kv unit for. 


horizontal draw-out equipment rated at 
250,000 kva. This breaker is insulated 
for the AIEE test for 15-kv breakers. 
In addition to having the long life in- 
herent in the De-ion construction, this 
line of breakers is also designed for extra 
long mechanical life. Some of these 
units have service records of over 150,000 
operations as reported in 1937, and are 
still in active duty. Approximately 150 
breakers of this type have beén placed 
in service. Another form of 7,500-volt 
De-ion air circuit breaker for lower rup- 
turing capacity is shown in figure 4b. In 
this assembly the complete breaker is 
mounted within a metal enclosure ob- 
taining a high degree of compactness for 
this type of equipment. 

In view of these developments the 
question may logically be asked, why 
cannot the De-ion principle be applied 
rather widely to the elimination of oil 
from power house auxiliary switchgear 
and similar installations? The power 
requirements are well within the technical 
limits of the De-ion development and 
there are certain definite improvements 
in the switchgear layout which can be 
made by the elimination of oil. 

As a result of the large accumulation 
of field experience on De-ion air circuit 
breakers, there has been developed a new 
line of breakers for ratings up to 100,000 
kva at 2.5 kv and 150,000 kva at 5 kv. 
These are particularly applicable to sta- 


Figure 3. Deionizing chamber for low-volt- 
age De-ion breaker of figure 2 
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tion auxiliary, motor-starting, and sub- 


‘station distribution-feeder service. In 


this field of switching equipment, space 
requirements and economic considera- 
tions are predominant factors. 

Figure 5 illustrates a 2,000-ampere 
3-pole 2.5-kv breaker unit of 100,000 
kva interrupting capacity. The general 
design and construction of this breaker 
differ considerably from that of high- 
voltage De-ion air circuit breakers pre- 
viously described before the Institute.* 
The line terminal bushings are mounted 
on a vertical steel base plate which forms 
a foundation for the entire breaker as- 
sembly. The interrupting elements or 
deionizing chambers are mounted ver- 
tically over the upper terminal bushings, 


(b) 
Figure 4. Horizontal 
closed De-ion air circuit breaker for 1,200 
amperes, 7.5 kv, of the type widely applied in 
6,600-volt steel mill service 


draw-out metal-en- 
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; 


1 with a small post-type insulator as ad- 
_ ditional support. 


The principles of construction and op- 
eration of the deionizing chamber in this 
new design of breaker are best under- 
stood by reference to figure 6. As in 
breakers previously described before the 
Institute, the basic principle of initiating 
the arc at a single contact and then break- 
ing it into a series of short arcs between 
copper plates is retained. Also as in pre- 
vious breakers, two magnetic fields are 
required, one for moving the are from 


Three-pole De-ion air circuit 


Figure 5. 
breaker unit for 2,000 amperes, 2.5-kv, for 
100,000-kva interrupting capacity 


the arc tips into the series of plates and 
another, which in reality is a combina- 
tion of magnetic fields, for rotating the 
short ares over circular paths between 
the plates. These two magnetic fields 
are generally referred to as the entering 
or blow-in field and the radial fields. 
Referring again to figure 6, each copper 
plate is surrounded on top and sides by a 
steel plate of the same thickness. These 
pairs of plates are stacked with thin in- 
sulating spacers between, each set of 
spacers being so shaped as to form path- 
ways for the individual short ares and arc 
terminals and also a vent to the top of the 
chamber for each short arc. At inter- 
vals of a few inches in this stack of plates 
are located coils for supplying the radial 
magnetic fields. This unit assembly is 
clamped tightly together by stiff end 
plates and insulated studs. 

In operation, the steel plates, which 
extend downward below the arc tips, act 
as a composite magnetic yoke which 
supplies magnetic flux for moving the 
arc through the arc box, the space be- 
tween the arc tips and the lower edges 
of the copper plates. This yoke is en- 
ergized magnetically as follows: As the 
arc is initially formed at the arc tips, the 
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_ of the principles of 


Figure 6. Illustration 


construction of mod- 
ern De-ion air circuit 
breakers showing 
how the arc is con- 
trolled by magnetic 
fields 


flux surrounding the are current circulates 
through the steel plates above the arc 
and across the air gap between the lower 
ends of the steel plates below the arc. 
This results in a force reaction to move 
the are upward toward the copper plates. 
The shape of the electrical circuit through 
the line terminal studs and contact mem- 
bers also assists in the initial upward 
movement of the arc. The impingement 
of the arc on the tip of the arc horn ener- 
gizes the loop circuit, formed by the stud 
running centrally through the copper 
plates and returning through the two 
lower studs in parallel, to the arc horn 
immediately above the stationary arc tip. 
The arc horn is insulated from the arc 
tip sufficiently to withstand the voltage 
drop caused by the impedance through the 
loop. This is illustrated in the small dia- 
gram in figure 6. As the arc strikes the 
arc horn, the voltage across that portion 
of the arc between the contact and horn 
causes current immediately to flow 
through the loop. Due to the low im- 
pedance of the loop compared to the 
voltage developed by that portion of the 
arc in parallel with it, the entire current 
is quickly transferred to the loop. Since 
the current in the upper stud flows in the 
same direction as the arc current this 
loop then acts as an additional turn for 
further magnetizing the steel plates. 
With this strengthening of the entering 
field, the arc is moved upward into the 
narrowing throat formed by the tapered 
slots in the copper plates. As explained 
previously before the Institute, the pur- 
pose of the tapered slot in each copper 
plate is to increase the voltage of the 
single arc to effect the transition from a 
single arc to a multiplicity of short arcs 
in series. 

The radial field coils are electrically 
connected to adjacent copper plates 
having extensions below the other copper 
plates. These coils are introduced into 
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series relationship to the are current 
shortly before the are reaches the ends 
of the slots in the main copper plates, in 
a manner similar to that in which the 
entering field loop circuit was introduced. 
These radial fields then provide additional 
impetus for the final transfer of the arc, 
at the ends of the tapered slots, into the 
stack of copper plates to form a series of 
short ares. Under the influence of the 
same radial fields, the short ares then ro- 
tate at high velocity in the circular path- 
ways formed by the insulating spacers 
until the next current zero, when the cir- 
cuit is interrupted. 

In the higher voltage De-ion air circuit 
breakers, the static shields are provided, 
along the interrupting element or De-ion 
stack, in order to divide the voltage 
evenly among the short ares. Because of 
the smaller number of gaps and the 
greater compactness of the interrupting 
element of the 2,500- and 5,000-volt circuit 
breaker, satisfactory distribution of volt- 
age is obtained without the use of ex- 
ternal shielding. 

The contact system of this breaker is 
interesting in that springs and full- 
capacity contact shunts are eliminated 
without sacrificing the basic advantages 
of the line-type butt contact. Figure 7 
illustrates: operation of the contacts. 
The stationary contacts are fixed on the 
ends of the two terminal studs, the upper 
one being a replaceable combination 
main and arcing contact. The movable 
contacts are located at the ends of a 
solid copper bar which forms a bridging 
member across the stationary contacts, 
the lower pair of contacts being bridged 
by a light, flexible shunt. The movable 
contact member is pivoted at the center 
through an elongated hole to the actuat- 
ing lever, with a compression spring be- 
tween the two. This spring biases the 
movable contact member against the 
stationary contacts, in the closed posi- 
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Figure 7. Contact system of the 2.5-5 kv 

De-ion breaker for station auxiliary and similar 
_ applications 


tion, and, in opening, gives it a rolling 
action to cause final separation at the arc 
tips. These tips are of silver-tungsten, 
having high resistance against the burning 
action of the arc. 

Solid silver plates in the main contact 
surfaces maintain low contact resistance 
over long service periods. 

The individual pole units are isolated 
from each other by insulating barriers of 
rectangular Micarta tubing. The three- 
pole breaker is operated by a conventional 
solenoid mechanism located immediately 
below the breaker pole units, as shown in 
the illustration of the test sample, figure 
8. Because of its novel arrangement, 
this breaker is extremely simple and com- 
pact and all parts are readily accessible 
for inspection or maintenance. 

An experimental sample 2.5-kv breaker, 
shown in figure 8, consisting of a single- 
pole unit mounted on a three-pole frame 


Table |. Typical Data From Interrupting Tests 
on 2.5-Kv De-ion Air Breaker 
Time From 
Interrupted Restored Energizing 
Current, Voltage, of Trip 
Root-Mean- Root-Mean- Coil to Arc 
Test Square Square Extinction 
Number Amperes Volts (Cycles) 
Pivaveian dts 220. 2,420.. (fee) 
Dust eteren’ Oo eee OL Oe meen. 6.0 
Sais wens 1,120. S060 imaars 5.7 
SD 2,850... 2,310. 5.7 
Oirecterats 4,160.. E48 Uae ater are Out 
Oke aceraere pO Oana B20 sicrainevec 5.6 
y Sac 10.030... WOO siete tee 5.3 
8 12,000.. BORO) teeratare ns 5.0 
Ore ina.is 14,900.. 2,290.. 5.3 
EU Gate 16,900. . PL Uae age 5.2 
11 21,100.. eed Orereteid teat 5.2 
12 20,000. . 2200 aidan 5.6 
13 . 20,400. . Se OSQi ancien 5.5 
14 22,200.. acOO Mc eka e 5.22 
15 25,000.. Oa etre 5.22 
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Figure 8. Single-pole experimental model of 
2,500-volt De-ion air circuit breaker for 
100,000-kva interrupting capacity 


and operated by a standard three-inch 
solenoid, was tested beyond its interrupt- 
ing rating in the high-power laboratory at 
East Pittsburgh. Tests were made at 
from less than 50 amperes to well in 
excess of 25,000 amperes, the majority 
of tests being made with from 2,500 volts 
to 3,200 volts on the test generator with 
restored voltages from 2,000 to 2,600 
volts. 

The first continuous series of tests con- 
sisted of 144 interruptions, stopping only 
at intervals to examine the breaker. As 
many of these tests were repeat inter- 
ruptions at about the same current levels, 
oscillographic data from a few repre- 
sentative tests are shown in table I. It 
will be noted that the time from energiz- 
ing of the tripping coil to the interruption 
of the circuit is consistently less than six 
cycles for currents down to approximately 
1,000 amperes, showing a safe operating 
margin for the standard eight-cycle rat- 
ing. 

All of the above tests were made on 
the sample breaker as originally built 
and no part of the breaker was modified 
or replaced during the tests. These 
tests represent the equivalent of five 
years or more interrupting service on the 
average circuit breaker. Figure 9 shows 
a deionizing plate taken from the experi- 
mental breaker after 45 interruptions, 5 
of which were above 20,000 amperes, 
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17 above 10,000 amperes, 23 above 5,000 


amperes, and 44 above 1,000 amperes. 


This plate shows very little deterioration 
and was used for subsequent tests. Fig- 
ure 10a shows a typical oscillogram made 
during an interruption of 25,500 amperes 
at 2.5 kv. Table II shows typical oscil- 
lographic data taken from another series 
of 19 unit-operation interrupting tests. 

The experimental breaker was equipped 
with a deionizing chamber containing a 
greater number of plates and insulating 
spacers, designed for an interrupting rat- _ 
ing of 20,000 amperes at 5 kv, equivalent 
to 150,000 kva. Similar interrupting tests 
were made on this unit. Table III shows 


Figure 9. Deionizing plate taken from ex- 
perimental breaker unit after one series of 45 
short-circuit interrupting tests 


typical data taken on this series of tests, 
with breaker interrupting times of less 
than six cycles. Figure 10b shows a 
typical oscillogram. 

In addition to the short-circuit inter- 
rupting tests, the suitability of this type 
of breaker for motor starting, station 
auxiliary, and other types of highly repeti- 
tive service was investigated by three 
series of endurance runs. The first two 
runs simulated closing the starting 
current and opening the full-load current 
of a 1,000-horse power motor. The test 
condition was made more severe than 
service condition by using air-core re- 
actors and thus obtaining a power factor 
of less than ten per cent. The breaker 
was closed and opened 7,700 times at 
235 amperes, 2,300 volts on the single- 
pole unit. It was then operated 7,700 
times on the CO cycle at 1,350 amperes, 
300 volts. This total of 15,400 opera- 
tions was made without any maintenance 
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whatever. The deionizing chamber used 
in these tests had previously been used 
in 48 interrupting tests, 20 of which were 
at from 9,000 to 26,000 amperes. The 
breaker was in good electrical and me- 
chanical operating condition after these 
‘tests. 

The third series of tests, part of which 
was included in the first two series, con- 
sisted of a mechanical endurance run of 
35,000 operations. At the end of these 
tests, the breaker was still in good over- 
all condition indicating an ample margin 
for many years of service. 

The breaker unit, shown in figure 5, due 
to its compactness and small space re- 
quirements, is suitable for complete 
metal-clad or cubicle switchgear designs. 


Figure 10a. Oscillogram showing typical 
interruption at 25,500 amperes—2,510 volts 
restored on single-pole unit 
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Figure 10b. Oscillogram showing typical 
interruption at 18,000 amperes, 4,600 volts 
restored on single-pole unit 


Figure 11 shows the preferred horizontal 
draw-out metal-clad switchgear unit with 
the De-ion air circuit breaker. Uniform- 
ity of design is attained by making this 
unit adaptable for air breakers of various 
ratings at 2.5 or 5 kv. The insulation is 
of the 7.5-kv class. By comparison with 
the equivalent vertical-lift metal-clad 
unit equipped with a modern oil circuit 
breaker of 150,000 kva interrupting ca- 
pacity shown in figure 12, it is to be noted 
that the space occupied by the De-ion air 
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Table Il. Typical Data From CO Interrupting 
Tests on 2.5-Kv De-ion Air Breaker 


— 


Table III. Typical Data From Interrupting 
Tests on Five-Kv De-ion Air Breaker 


Time 

From 

Energiz- 

Closed Restored ing of 
Root-Mean- Interrupted _Root- Trip Coil 
Test Square Root-Mean- Mean- to Arc 
Num- Current Square Square Extinction 
ber (Amperes) Amperes  Kilovolts (Cycles) 
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Mav aes AT OOO Las hE SOO Ss i5 BO. OGt 050.8 
Conte. 13 0000... LE COD vamtee cUeineacens 5.8 
Sires e 6 40,000...... 18,800) ws on VOB in <5 5.6 


circuit breaker unit is approximately 
equal to that for the oil circuit breaker. 

In the air breaker unit the high-voltage 
parts are completely isolated from the 
low-voltage control circuits by steel 
barriers. The individual pole units are 
isolated from each other by rectangular 
insulating tubes as previously described. 
Other features of this construction, such 
as main disconnecting contacts, secondary 
contacts, insulated bus, etc., follow the 
most approved construction as applied to 
modern vertical-lift type metal-clad 
switchgear with oil breakers. In this 
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Horizontal draw-out metal-en- 


Figure 11. 

closed switchgear unit with De-ion air circuit 

breaker for 2.5 to 5 kv, 600 to 1,200 amperes, 
up to 150,000 kva interrupting rating 


i 
Al 


Figure 12. Modern metal-clad switchgear 
unit equipped with 150,000-kva oil circuit 
breaker 
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Time From 
Interrupted Restored Energizing 
Current, Voltage, of Trip 
Root-Mean- Root-Mean- Coil to Arc 
Test Square Square’ Extinction 
Number Amperes Volts (Cycles) 
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unit the De-ion air breaker is horizon- 
tally movable to the “disconnect” or test 
position on rollers near the center of thrust 
of the disconnecting contacts. From the 
disconnect position it may be moved out 
of the cell by means of a small transfer 
truck, thus permitting convenient , re- 
moval of the are interrupting stack for 
examination and maintenance of the con- 
tacts. 

Potential transformers are located in 
superstructures for both types of assem- 
blies and in either case control switches 
instruments, and relays may be accommo- 
dated on panels mounted either on the 
front or the rear of the unit, depending 
upon whether the front aisle or both front 
and rear aisles are available. 

Previous designs of De-ion air circuit 
breakers have found wide spread applica- 
tion in steel-mill, arc-furnace, and other 
highly repetitive services as well as in 
power-house feeder applications. It is 
expected that the completion of these 
new De-ion circuit breakers for lower 
voltage applications will extend the ad- 
vantages of this type of construction to 
power-station auxiliary service, general 
motor-starting service, and substation- 
feeder applications, 
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Discussion 


J. A. Adams (Philadelphia Electric Com- 
pany, Philadelphia, Pa.). It is particularly 
gratifying to see continued development of 
the De-ion air circuit breaker in capacities 
which can be used extensively in distribution 
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substations. The Philadelphia Electric 
Company installed two De-ion breakers 
experimentally in 13.2-kv service in 1931, 
and in 1934 installed eight more on 4-kv 
circuits. 
under both normal and short-circuit con- 
ditions. As a result of this experience it is 
planned to install three additional breakers 
in 13.2-kv service, two in 4-kv service, and 
three in 4.8-kv service this year. 

While there may have been a great in- 
crease in oil circuit breaker efficiency during 
the last few years, as pointed out in this 
paper, it would seem that the nonoil-type 
breaker has a field of its own regardless of 
this development. This is implied in the 
paper by the statement that “there are 
certain definite improvements in the switch- 
gear layout which can be made by the elimi- 
nation of oil.’ A type of installation 
where it would be particularly advantageous 
to use nonoil-type breakers appears to be 
the unattended substations. The authors 
ask, ‘‘Why cannot the De-ion principle be 
applied rather widely to the elimination of 
oil from power house auxiliary switchgear 
and similar installations?”’ It is not clear 
why the same line of reasoning should not 
be extended to the main indoor switch- 
gear. It would seem that a logical de- 
velopment for the nonoil-type breaker is in 
the higher current carrying and higher inter- 
rupting capacity ratings. 


Philip Sporn (American Gas and Electric 
Service Corporation, New York, N. Y.): 
Mr. Dickinson’s paper, describing the 2,500- 
volt and 5,000-volt ‘‘De-ion”’ circuit breaker 
development is another indication of the 
increasing work on the design and the in- 
creasing interest in the use of air-type 
breakers for certain applications, particu- 
larly for station auxiliary service. From 
the description of the design and tests as 
given in this paper, it appears that an air 
circuit breaker with very good character- 


ITE 2,300-volt air circuit breaker 
set up for tests at Logan 


Figure 1. 
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These have operated successfully © 


istics and performance has been produced. 

I believe that it would be of interest to 
present here a brief description of a devel- 
opment along the same lines which was 
made in connection with the recently com- 
pleted extension to our Logan, W. Va., plant. 
When this high-pressure extension to the 
plant was planned, the engineering and 
design having been started in 1935, it was 
felt that because of crowded conditions it 
would be a decided advantage in the auxil- 
iary service for all of the new portion of the 
plant to use circuit breakers without oil. 
Such development had been under dis- 
cussion for several years with the engineers 
of the ITE Company. Accordingly, the 
development of a suitable 2,300-volt air 
circuit breaker, having a rupturitig capacity 
of 125,000 kva, was launched. The de- 
velopment was completed with the carrying 
through of a series of tests made at the 
Logan plant in April of this year. 

As compared with the De-ion type of 
air circuit breaker described by the author, 
this breaker, developed by the ITE Com- 
pany, is fundamentally of the magnetic 
blow-out type, using a special type of arc 
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Special connections for 2,300-volt 
tests at Logan 


Figure 3. 
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chute designed for rapid cooling of the arc. 


The tests on one of these breakers at the 
Logan plant demonstrated very satisfactory 
performance. [I shall attempt to describe 
these tests briefly with the aid of a few illus- 
trations. 

Figure 1 shows one of the 2,300-volt 
1,200-ampere air circuit breakers set up in 
the yard at the Logan plant for the short- ' 


Figure 4. Oscillogram of test number 14 
interrupting 22,800 amperes at 2,300 volts in 
three cycles 


circuit tests. With the capacity that 
could be made available at the plant without 
interfering with the plant operation, it was 
not possible to obtain the full breaker rating 
of 125,000 kva, but by means of a special 
connection in which a 6,000-kva auxiliary 
bank was reversed from its normal direction 
of transformation, we were able to obtain 
more than 100,000 kva. The normal 
method of connecting this bank is shown 
in figure 2 from which you will note that the 
three 5,000-kva generators are operated at 
4,000 volts in parallel with one of the wind- 
ings of the large 100,000-kva bank, and with 
the 6,000-kva bank stepping down from 
4,000 volts to 2,300. As this set-up gave a 
calculated short circuit of around 60,000 
kva or only half of the rating of the breaker, 
it was decided to change the connection to 
that shown in figure 3 in which the three 
5,000-kva generators were connected in 
parallel with the 2,300-volt side of bank 15 
instead of the 4,000-volt bus. Although 
the generators operated at reduced excita- 
tion, this set-up provided a much greater 
short-circuit current than could be obtained 
in any other manner at 2,300 volts. 
Altogether 25 shots were made on this 
breaker, with short-circuit current varying 
from approximately 3,000 amperes to a 
maximum of 22,800 amperes, and with 
voltages from 2,300 to above 4,000 volts. 
While time is not available to describe these 
tests in detail, a fairly complete record of 
the tests is shown in table I. You will note 
that, with the set-up in which the three 
5,000-kva generators were connected in 
parallel with the 6,000-kva bank, a maxi- 
mum recorded total root-mean-square cur- 
rent of 22,800 amperes was obtained on 
test 14. In order to overcome as far as 
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Figure 5. Oscillogram of test number 23 
interrupting 15,200 amperes at 4,500 volts in 
3.75 cycles 


possible the effect of reduced excitation on 
the value of short-circuit current, the three 
generators operating in parallel with the 
system through the 6,000 bank were loaded 
with reactive kilovolt-amperes up to more 
than half of their respective ratings by in- 
creasing the field excitation. 

You will also note from table I that the 
circuit breaker time, that is, the time in 
cycles measured from the trip impulse to 
the actual interruption of the arc, averaged 
approximately four cycles or less, through- 
out, with the exception of a single test of 
63/, cycles in the third group. The extra 
long time in this case was undoubtedly due 
to an overloaded trip mechanism. On test 
number 10 immediately preceding this 
shot, the breaker failed to trip, entirely 


Figure 6. Contacts of ITE 2,300-volt air 
circuit breaker after short-circuit tests 


from this cause; while on the next shot, 
which was taken without making any ad- 
justments, tripping occurred but was con- 
siderably delayed, as shown by the longer 
time on the oscillogram. At this point in 
the program the tripping mechanism was ad- 
justed to relieve the excessive strain and, 
thereafter, normal tripping time was ob- 
tained throughout the remainder of the tests. 

Having shown that the breaker gave 
satisfactory performance with the highest 
current that could be obtained at 2,300 
volts, it was decided to test the breaker, 
using the three generators alone excited 
to 4,000 volts or above. The last two 
groups of tests from number 17 to number 
23, inclusive, in table I represent these tests 
made at the higher voltage. The last two 
tests made at 4,300 volts gave a maximum 
total root-mean-square current of 16,000 
amperes. It will be noted that the breaker 
time for all of the tests at the higher voltage 
was less than four cycles. 

In all the tests at heavier current values, 
a flash was observed above the breaker at 
the time of interruption. That this was 
mainly light and not actual fire was fairly 
well demonstrated by a ball of cotton which 


ITE 2,300-volt air circuit breaker 
with one arc chute removed 


Figure 7. 


was suspended above one of the arc chutes 
and which was not ignited until the final 
shot made at 4,300 volts. 

Figures 4 and 5 show typical oscillograms 
taken during these tests. Figure 4 repre- 
sents test number 14 on which a current of 
22,800 amperes at 2,300 volts was inter- 
rupted in three cycles. Figure 5 shows 
test number 23 on which a current of 15,200 
amperes was interrupted in 3.75 cycles. 

Twice during the tests the arc chutes were 
removed and contacts examined. Each 
time, a moderate amount of dressing of the 
main contacts was done before proceeding 
with additional tests, but the arcing con- 
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Table |. Short Circuit Tests at Logan on ITE 2,300-Volt Air Circuit Breaker 

Equivalent 

Bank Initial Current in Arc Breaker Time (Cycles) Kilovolt- 

Test No. 15 amperes 
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tacts were not touched, and the amount of 
burning on these contacts was considered 
very small. The appearance of these con- 
tacts after the heavy current shots and prior 
to dressing is shown in figure 6. 

Figures 7 and 8 are included to give a 
better idea of the appearance of this 
breaker. Figure 7 shows the breaker with 
one arc chute removed, while figure 8 shows 
a group of these breakers as they would 

_ appear assembled for service. 


J. R. North (The Commonwealth and 
' Southern Corporation, Jackson, Mich.): 
Keen interest is being shown throughout 
the industry in low-voltage indoor oilless 
circuit breakers, particularly for station 
auxiliary service at 2,400 volts in large gen- 
erating stations. The ‘“De-ion” air circuit 
breakers described by Mr. Dickinson would 
seem to have considerable possibility for 
such applications and should be very easy 
to inspect and maintain. 

However, for properly evaluating these 
air circuit breakers, we should like to in- 
quire regarding some of the design features. 


(a) What are the ventilation requirements from 
the standpoint of temperature rise and also from the 
standpoint of flame emission. 


(b) What is the duty cycle upon which the inter- 
rupting capacity ratings are based and what, if 
any, de-rating factors need to be applied for various 
reclosing duty cycles. 


(c) What is the insulation strength—60-cycle 
flashover, impulse flashover minimum clearance to 
ground, and striking distance. 


(d) What is the five-second current-carrying rat- 
ing of these breakers (root-mean square amperes), 
as compared with their interrupting current rating. 


M. H. Hobbs (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The series of tests given in Mr. 
Dickinson’s paper, particularly those show- 
ing repetitive duty, show that we now have 
a circuit breaker which is apparently the 
answer to the requirements for severe serv- 
icc on motor and feeder circuits for station 
auxiliaries. A number of these have al- 
ready been manufactured for this applica- 
tion, extending to other types of duty the 
operating advantages of ‘‘De-ion”’ breakers, 
which have proved so outstanding on 
heavy steel mill locations during the past 
several years. 

Mr. Dickinson mentioned that the De-ion 
breaker is readily adaptable for mounting 
in metal-clad switchgear assemblies. This 
fact is more important now than ever be- 
fore as the large majority of indoor switch- 
gear is now this type, not only for station 
auxiliaries but for other general applica- 
tions. It is equally important that all of 
the advantages of the designs of metal- 
clad switchgear for oil circuit breakers 
acquired during the years of its develop- 
ment should be retained in the structure for 
the De-ion breaker. Figures 11 and 12 
show the two comparative structures, for 
oil and De-ion breakers respectively, and 
indicate comparative dimensions. It will 
be noted that the De-ion breaker is ar- 
ranged as a horizontal draw-out unit as con- 
trasted with the vertical draw-out arrange- 
ment for the oil breaker. This works out 
more satisfactorily for the circuit breaker 
design on account of the horizontal position 
of the arcing chamber and presents no han- 
dicaps as far as the switchgear is concerned. 
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Figure 8 As- 
sembled group of 
ITE 2,300-volt air 
circuit breakers 


. 


It would be just as illogical to use the ver- 
tical arrangement for this breaker as it was 
to use the horizontol for oil breakers having 
vertical stubs. 

As noted from the two figures, the width 
and depth dimensions are identical, and the 
height of the De-ion unit is six inches more 
than the corresponding oil breaker unit. It 
would be possible to reduce the height ex- 
cept for the fact that space must be pro- 
vided in the rear for potheads or similar 
cable terminating facilities. _Accommo- 
dations for instrument panels are equiva- 
lent in that they can be mounted either in 
the front or rear, depending upon space 
facilities, that is whether only a single 
aisle or aisles front and rear are available. 

Of course, no provision is necessary for 
circuit breaker gas exhaust as in the case of 
the oil breaker unit, although a small 
amount of ventilation is incorporated to 
assist in the small amount of gas dissipation 
which does occur. Porcelain is used for 
supporting the primary contacts, and com- 
pletely insulated connections and busses 
are used in the housing. It is desirable to 
provide complete isolation of the secondary 
wiring from the primary compartment, and 
this is also provided for. Provision is made 
for automatic secondary contacts and for 
operation of the circuit breaker in the test 
position by means of a jumper. The usual 
interlocks insure that contact will not be 
broken on the disconnecting devices unless 
the circuit breaker is in the open position. 

The availability of this breaker therefore 
enables us to have a complete switchgear 
unit, including bus, disconnecting devices, 
and instrument transformers, without the 
use of oil or compound in any of the com- 
partments. 


R. C. Dickinson: It is very pleasing to 
hear of the favor with which the 15-kyv 
and 5-kv ‘‘De-ion” air breakers are re- 
garded by the Philadelphia Electric Com- 
pany as reported by Mr. Adams. This is 
typical of the high type of performance 
given by these breakers. 

As Mr. Adams says, the non-oil type 
breaker has a field of its own regardless of 
the present state of oil breaker develop- 
ment. As pointed out in this paper, the 
widest field for the De-ion breaker, in 
general, has been where more frequent 
operation, either on overload or switching, 
is involved. The absence of oil deteriora- 
tion and the long life of the contacts and 
interrupting element make this type of 
application most logical. However, since 
the De-ion air breakers are generally 
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equipped with standard operating solenoids 
and interrupt the complete range of currents 
within their rating, they are suitable for 
any application where oil breakers might 
be applied. 

In answer to a question raised by Mr. 
North, the De-ion air breaker is rated on 
the basis of the standard AIEE interrupt- 
ing duty cycle and equivalent oil breaker 
de-rating factors are used for various re- 
closing duty-cycles. The De-ion breaker 
may be expected to require considerably 
less maintenance for the same duty than 
the ordinary oil circuit breaker. 

In regard to continuous ratings, these 
breakers are at present supplied up to 
2,000 amperes, and higher ratings will be 
built as occasion demands. As to higher 
interrupting ratings, the present ratings 
do not parallel oil breaker ratings in the 
higher kilovolt-ampere brackets. It is 
to be hoped that development efforts will 
eventually result in ratings equivalent to 
the higher capacity oil circuit breakers. 

As to ventilation requirements, as Mr. 
Hobbs states in his discussion, a small 
amount is desirable for the dissipation of 
such gas as may be incident to circuit in- 
terruption but it is also desirable to assist 
in cooling the current carrying parts and 
reduce the possibility of moisture condensa- 
tion on solid insulation surfaces. A small 
opening at the bottom of the cell door and 
one or two openings at the top of the cell 
are sufficient. The upper openings may 
be made drip-proof. There is no appre- 
ciable pressure built up within the cell and 
the gases are dissipated quite readily. 
Since the are is ruptured in a completely 
enclosed chute, it will be obvious that no 
large amount of gas is set free in the cell 
as would be the case in an open magnetic 
chute construction. Years of service have 
indicated that the gases expelled from the 
breaker have caused no interference with 
operation nor undue maintenance. In 
fact, the maintenance on these breakers 
has been reported as unusually low. 

We appreciate keenly Mr. Sporn’s re- 
marks and his interest in air circuit break- 
ers. The new De-ion air circuit breaker 
has performed well on tests and over ten 
years of field experience on larger breakers 
of higher kilovolt-ampere rating, on which 
numerous field tests were made, indicates 
that these breakers will perform well in 
service. It is to be noted that single-phase 
interrupting tests were referred to in the 
paper. We value these tests quite highly 
since in most instances the actual restored 
voltage on the single-pole unit was as 
much or greater than the line-to-line 
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Synopsis: The demand for protection 
against fault currents up to 20,000 amperes 
at 250 volts d-c or 600 volts a-c has led to 
the development of air circuit breakers 
having the desirable features of the present 
line of enclosed air circuit breakers, but 
having higher interrupting capacity. Tests 
at 20,000 amperes on the circuit breaker of 
lower interrupting capacity showed that 
certain modifications were necessary. By 
increasing the gap between the contacts, 
by using contacts which resist welding, and 
by using a modified arc chamber and contact 
construction, it was found possible to make 
the breaker satisfactory for 20,000-ampere 
short circuits. 


Introduction 


N INTERESTING type of enclosed 

“De-ion” circuit breaker was devel- 

oped some years ago to meet the demands 

of industry for a protective device with 
desirable characteristics such as: 


1. Small size to permit the construction of 
safe, compact, and efficient panel boards, 
switchboard, and separate enclosures. 


2. Sufficient capacity to be operated re- 
peatedly without delay in a satisfactory 
manner under any condition to which it 
may be normally subjected. 


3. Time delay to permit temporary over- 
loads and instantaneous trip to remove short 
circuits instantly. 


4. Sufficient interrupting capacity. 
Safe to operate and free from fire hazard. 
Nontamperable. 


Easy to install and operate. 


ONDA” 


Low in cost. 


This type of circuit breaker is made in 
frame sizes ranging from 50 to 600 am- 
peres at voltages up to 250 volts d-c and 
600 volts a-c and has a rupturing capacity 


voltage rating of the three-pole breaker. 
On many tests the generator was excited 
to more than 3,000 volts open circuit, single 
phase, on the 2,500-volt breaker and to 
6,000 volts on the 5,000-volt breaker. 
Replying to Mr. North’s questions re- 
garding insulation and current-carrying 
capacity without getting into the com- 
mercial ratings of these breakers, we can 
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Enclosed Low-Voltage ‘“De-ion” 
Air Circuit Breaker of High 
Interrupting Capacity 


By JEROME SANDIN 


ASSOCIATE AIEE 


of 10,000 amperes. This construction 
includes a molded insulated housing, 
De-ion are chambers, an operating mecha- 
nism, a removable automatic trip unit, 
an insulated operating handle, and end 
terminals. 

At the time these breakers were de- 
veloped, 10,000-ampere interrupting ca- 
pacity was considered ample to handle 
almost all of the industrial lighting and 
power circuits of 250 volts d-c or 600 
volts a-c. Since then, however, industry 
has been using increasingly larger blocks 
of electrical energy, thus making it more 
and more necessary to have similar com- 
pact circuit breakers to handle short cir- 
cuits of greater capacity. In order to 
meet this demand, the largest of these 
available breakers, namely the 600-am- 
pere frame size was chosen for test and 
modification. A short-circuit interrupt- 
ing capacity of 20,000 amperes at both 
250 volts d-c and 600 volts a-c was set as 
the goal for this development. 

The circuit breaker of higher interrupt- 
ing capacity is intended for installation 
in switchboards or separate steel boxes, 
and for the protection of lighting and 
power circuits of large buildings or in- 
dustrial plants where fault currents up to 
20,000 amperes must be opened. 


Paper number 38-86 recommended by the AIEE 
committee on protective devices and presented at 
the AIEE summer convention, Washington, D. C., 
June 20-24, 1938. Manuscript submitted May 9, 
1938; made available for preprinting May 31, 1938. 
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velopment. Much credit should go to Mr. B. P. 
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merely state that this class of breakers for 
2,500- and 5,000-volt service are insulated 
to meet the AIEE requirements for 7,500- 
volt service and their short time ratings 
are compatible with their interrupting 
ratings at rated voltage. 

In closing, I wish to thank all those who 
have entered into this discussion for their 
interest and favorable remarks. 
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The original small size of the breaker 
was retained during the development. 
This was important since the size of the 
switchboards or the building space that 
must be set aside for them need not be 
increased. Further, most of the details 
of the breakers of the 10,000- and 20,000- 
ampere interrupting capacity are inter- 
changeable which from a manufacturing 
and cost standpoint is very desirable. 


Limitations of the 
Original Circuit Breaker 


The 600-ampere circuit breaker of 10,- 
000-ampere capacity is provided with 


Figure 1. Two- or three-pole, 600-ampere 
circuit breaker of either 10,000- or 20,000- 
ampere interrupting capacity 


silver main and secondary contacts, silver- 
tungsten (30 and 70 per cent proportion) 
are contacts and are chambers of the ra- 
dial field type which is described in detail 
under the subtitle ‘Arc Chambers.” 
Externally, both the original breaker and 
the finally developed breaker of high in- 
terrupting capacity, are alike. Figure 1 
illustrates either of them. Figure 2 is 
typical of this type of breaker construc- 
tion. 

Tests on the original circuit breaker at 
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20,000 amperes showed three limitations 
namely: 


1. The arc frequently re-established be- 
tween the moving and stationary contacts 
after it had traveled into the arc chamber 
away from the contacts, indicating that the 
distance between the contacts was too 
small, 

2. The silver main contacts of both sta- 
tionary and moving members welded to- 
gether occasionally when short circuited 
with the breaker initially closed, but they 
welded almost always when the breaker 
was closed on the short circuits. 


83. The arc chambers were of insufficient 
size to effectively vent and deionize the in- 
creased volume of ionized gas. 


Theories, Modifications, 
and Improvements 


CONTACT SEPARATION 


A greater gap between the contacts in 
the open position is required on higher 
short-circuit currents because of the 
presence of a greater amount of ionized 
gas between the contacts when 20,000 
amperes is being interrupted. 

Increased distance between the arc 
contacts allows the use of a larger number 


Figure 2. Three-pole, 600-ampere circuit 

breaker with cover removed, of 20,000- 

ampere interrupting capacity. Final construc- 
tion 


of plates in the arc chamber, increases the 
resistance of the arc, increases the dis- 
charge of ions to the plates if a larger num- 
ber are used, and increases the neutrali- 
zation of the ions by recombination, all 
of which facilitates the deionization of the 
gas. 


658 TRANSACTIONS 


The separation between the arc con- 
tacts was increased from !%/;, inch to 
1 1/s inches, or about 40 per cent. Tests 
up to about 36,000 amperes proved that 
this spacing was adequate. 


CoNnTACTS 


Silver contacts are very acceptable 
for current-carrying purposes since they 
show only a relatively small increase in 
contact drop after continuous duty. 
However, they weld together easily when 
subjected to high currents because of 
either high contact drop caused by the 
lessening of the contact pressure by mag- 
netic forces, or by premature parting of 
the contacts before the mechanism is 
released by the trip unit and latch. To 
offset the effect of these magnetic forces 
it is necessary to increase the contact 
pressure by mechanical means or to pro- 
vide a curved flexible conductor which will 
exert magnetic forces in such a direction 
as to cause increased contact pressure 
with increased current. If welding can- 
not be wholly eliminated in these ways, 
it is necessary to use another contact 
metal which is more resistant to weld- 
ing. 

The first modifications to the breaker 
included greater contact pressure and a 
change of the contacts from silver against 
silver to silver against silver-tungsten 
of 60 and 40 per cent proportion, to pre- 
vent the welding together of the con- 
tacts. This combination was tested at 
20,000 amperes. The main contacts did 
not weld together when the short circuits 
were thrown on the breaker in the closed 
position, but welding occurred in about 
half of the tests when the breaker was 
closed on the short circuits. 

Silver tungsten normally increases the 
contact drop but this was partially offset 
by increasing the contact pressure. The 
contact drop remained approximately the 
same for the first four short circuits and 
then began increasing rapidly due to the 
burning of the contact material. 

A change in the main contacts from 
silver against silver-tungsten to silver- 
tungsten against silver-tungsten of 60 and 
40 per cent proportion was tried. This 
combination did not entirely eliminate 
the possibility of welding when the 
breaker was closed on 20,000-ampere 
short circuits but the percentage was re- 
duced. 

Main contacts made of silver-molyb- 
denum were tried in order to overcome 
the contact welding problem. The tests 
were highly satisfactory from this stand- 
point, for at no time did these contacts 
weld together on short circuit. The con- 
tact drop remained approximately the 
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same throughout the tests. These con- 
tacts also showed considerably less signs 
of burning away than did the silver-tung- 
sten contacts. However, silver-molyb- 
denum contacts were found to have a 
very decided drawback. The drop across 
these contacts increased appreciably in a 
few days due to the oxidation of the 
molybdenum. A number of breakers 
without current were exposed to an ordi- 
nary atmosphere from one to three weeks, 
and they were tested for contact drop 
from time to time. Some of these breakers — 
were in closed position and others were 
in open position. The drop readings 
across these breakers were initially be- 
tween 12 and 18 millivolts at 250 am- 
peres d-c, and the final drop values varied 


Two- or three-pole, 600-ampere 


Figure 3. 
circuit breaker of either 10,000- or 20,000- 


ampere interrupting capacity with motor 
mechanism for electrical operation 


anywhere from 30 to 150 millivolts de- 
pending on the length of exposure. A 
breaker having a drop of about 50 milli- 
volts was tested with full-load current 
for about 48 hours continuously, but 
strangely there was no increase in contact 
drop during this time. It was decided 
to abandon the use of silver-molybdenum 
because of the appreciable increase in 
contact loss under ordinary atmospheric | 
conditions, 

A contact construction was finally pro- 
duced which included the following 
changes: 


1. Silver-tungsten contacts of 30 and 70 per 
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cent proportion for all moving and station- 


ary members to positively prevent welding 
at 20,000 amperes or more, with either 
close-open or open-close-open breaker op- 
eration. The use of this alloy reduces the 
burning of the contact material to a mini- 
mum. 


2. ‘ Center contact members of the roll type 
which make contact at the heel or farthest 


_ point from the are chamber when the breaker 


is closed and which roll to the toe or into 
the slot of the are chamber while the breaker 
is opening. This center contact takes the 


place of the secondary and are contacts of 


the old construction which derived their 


A— STATIONARY CONTACT MEMBER 

B—MOVING CONTACT MEMBER 

C—FLEXIBLE CONDUCTOR 

D,E,AND F — FLUX AT D AND E TEND TO FORCE ARC 
F IN DIRECTION G 

H—ARC HORN FACED WITH SILVER- TUNGSTEN TO 
REDUCE BURNING 

J— STEEL PLATES 

K— ARC SHIELDS 

F,G,AND L —FLUX L PULLS ARC F IN DIRECTION G 


Figure 4. Schematic diagram of stationary and 
moving arc contacts and are chamber 


pressure from one spring. All of this spring 
pressure is now used for the one center con- 
tact thus giving less contact drop. 


3. An arcing horn at the end of the center 
moving contact, to elongate the arc and to 
more positively insure that the arc strikes 
all of the plates in the arc chamber. Facing 
the arcing horn with silver-tungsten (30 
and 70 per cent) reduced the burning of the 
horn considerably and thereby lessened the 
amount of gas. 


4. Moving and stationary contact mem- 
bers, consisting of two outside main con- 
tacts and one center are contact, having 
a definite contact opening and closing se- 
quence to reduce the burning of the con- 
tact material and to positively insure the 
formation of the arc between the arc con- 
tacts and not between the main contacts. 
This contact sequence consists of the right- 
hand main contact parting ahead of the 
left-hand main contact which is followed by 
the parting of the arc contacts. Since the 
drop is approximately the same across each 
of these contacts, the resistance does not 
rise too rapidly when the contacts are 
parting. 

5. The direction of the flow of current 
through the stationary conductor to the 
center contact was changed to assist forcing 
the arc into the arc chamber. The change 
in current direction produces a flux con- 
dition which exerts a force on the arc in the 
proper direction, as shown in figure 4. The 
old construction produced flux, which tended 
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to force the are at one end away from the 
are chamber. 


Short-circuit tests on breakers having 
these modifications show that contact 
welding has been entirely eliminated, that 
contact burning has been considerably 


Figure 5. 


Arc chamber of 20,000-ampere 
interrupting capacity 


reduced, that there is less outward dis- 
turbance, and that the rupturing capacity 
of the breaker has been considerably in- 
creased. 


Arc CHAMBER 


The arc chamber used during the early 
stages of this development is of the cold- 
cathode type which has a radial field for 
the purpose of spinning the arc to keep 
the electrodes cool. 

This arc chamber consists essentially of 
a series of copper plates, each fitted into 
and surrounded by a steel plate except 
for a V-shaped opening through which 
the arc contacts move. These plate 
assemblies are stacked one upon the 
other and insulated from each other by 
fiber. A flat coil is located at the center 
of the stack of plates and is connected to 
the two adjacent copper plates so that it 
is in series with the line after the arc is 
broken into a series of small arcs between 
the copper plates. The flat coil has a 
center steel core and produces a radial 
field from the core to the surrounding 
steel plates. 

In addition there is a one-turn coil 
which is connected to the stationary arc 
contact and to the line terminal so that 
the arc contacts and the coil are in series 
when the main contacts part. This coil 
energizes the iron surrounding the copper 
plates and causes the arc to be moved 
from its point of inception up into the 
narrow part of the V plates. From this 
point the arcs are under the influence of 
the radial field and are moved with a high 
velocity in an annular path formed by 
the insulation between the copper plates. 
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When alternating current is being in- 
terrupted, these series arcs continue to 
rotate until the current reaches its natu- 
ral zero value. The d-c arc is extin- 
guished as soon as the current is reduced to 
zero, which depends on the inductance of 
the circuit and the amount the arc volt- 
age exceeds the line voltage. 

The are chamber as described above 
was enlarged by increasing the number 
of copper plates from nine to 12 in order 
to take care of the heavier short-circuit 
currents. These additional plates in- 
crease the plate area which helps to cool 
the hot gases and assist the process of 
deionization. Since the spacing between 
the plates remains unchanged, the ad- 
ditional plates will permit increased 
venting which will help to increase the 
interrupting capacity. 

The enlarged arc chamber was short- 
circuited at 20,000 amperes on both 250 
volts d-c and 600 volts a-c. It inter- 
rupted all of the short circuits it was 
subjected to. 

It was thought that by use of the plain- 
plate type of arc chamber, as shown by 
figure 5, the following advantages could be 
obtained at the higher short-circuit value. 


1. Better insulation between the line and 
load sides of the breaker in open position 
because of the elimination of the shunt 
which connects the top plate of the arc 
chamber of the radial field type to the load 
side of the breaker. 


2. Increased venting of the arc gases. 
3. Simpler construction. 


4. Better performance on direct current. 


The are chamber of this plain-plate 
type consists of a series of V-slotted steel 
plates mounted between insulated sup- 
ports, and it is so placed that the slots of 
the steel plates extend over the arc con- 
tacts. The moving are contact must 
pass through the slotted steel plates as it 
leaves the stationary arc contact. As this 
action takes place, the arc formed is mag- 
netically driven into the steel plates and 
is usually broken into a series of short 
arcs, depending on the amount of cur- 
rent and whether the current is alternat- 
ing or direct. 

The tests on the plain-plate type of 
arc chamber indicated increased venting, 
resulting in less back pressure and less 
burning of the contacts, better insulation 
between the line and load side of the 
breaker, more satisfactory performance 
on direct current, and less heating of the 
arc chamber which permits less interval 
of time between short circuits. As a re- 
sult of these tests, the plain-plate type of 
arc chamber was adopted for the heavy- 
duty breakers. 
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Tests on this arc chamber also indicated 
that an arc produced by small a-c short- 
circuit currents usually does not transfer 
to the steel plates and form short series 
arcs, but an arc produced by heavier a-c 
short-circuit currents or not too low d-c 
currents usually would transfer to the 
steel plates and form the short series 
arcs. The degree of venting at the top 
end of the steel plates determines largely 


sy eee 


Figure 6. Oscillogram showing a_ three- 
phase interruption at 36,000 amperes, 600 
volts, 60 cycles 


whether or not the arc transfers to the 
steel plates. Free venting encourages 
are transfer. 

Deionization of the arc is effected either 
by the ions neutralizing their charges 
among themselves or by discharging into 
the electrodes. The current and voltage 
a given device can interrupt depends on 
the length of the arc, the material and 
size of the electrodes, the proximity of the 
walls or plates to the arc, the degree of 
venting, and number of series arcs which 
determine the number of positive-ion- 
spaced-charge sheaths in front of the 
cathode. Those who wish to learn of the 
fundamentals of are phenomena should 
refer to previous articles?—® which treat 
this subject very thoroughly. 

When alternating current is being in- 
terrupted, the arc or the series arcs con- 
tinue until the current reaches its natural 
zero value. At this time the processes 
of deionization transform the conducting 
ionized gas into an insulating gas. This 
prevents the arc from re-establishing by 
preventing the line voltage from build- 
ing up current in the opposite direction. 
The a-c arc is extinguished at the end of 
the first half cycle. 

The are motion is the same for alter- 
nating and direct current, although the 


2. For all numbered references, see list at end of 
paper. 
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effect on the circuit and the way the arc 


is extinguished is quite different. For a 
given line voltage a much larger number 
of plates and much larger gap between 
the arc contacts must be used for direct 
current so that the total arc voltage is 
greater than the line voltage. This dif- 
ference between the arc voltage and the 
line voltage is necessary to cause the 
current to decrease to zero. 

Arc shields line both sides of the arc 
chamber to prevent the arc from burning 
or striking the lower sides of the steel 
plates. The burning of unprotected 
sides of steel plates tends to cause an ex- 
cess of gas. The striking of the unpro- 
tected sides by the are occurs mainly on 
low d-c currents, and hinders the are from 
rising to the end of the slot, thus causing 
prolonged arcing. 

The arc splitters are spaced to form 
three compartments directly above the 


Contact-Drop Data Taken After 
Short-Circuit Tests 


Table I. 


Millivolts Drop at 


Amperes at 250 Amperes D-C 
600 Volts, 
60 Cycles, Test Left Center Right 
3 Phase Cycles Pole Pole Pole 
EO ee OC LT (ie: Br haa kere cet) 
20,000) ocie5 O 
20,000..... co GiiBisnein OF Bes ty) One 
20)000).5 2 -% O 
205000)) a0 CO UO ecm Leen kone 
20,00035.2 5. O 
20,000. AGH G2 2iresa Os Goeete ob 
32, 000% O 
BVO S anad co 18e2 7 9.8 13.5 


* Initial drop readings 


steel plates of each arc chamber to pre- 
vent reignition of the arc gas as it is 
vented from the plates. 

The are formed between the arc con- 
tacts is acted upon by two forces, which 
tend to draw it away from the contacts 
into the steel plates of the are chamber 
as shown by figure 4. They are namely: 
the flux at D and E which is created by 
the direction of flow of the current 
through the are contacts, and the mag- 
netic field produced in the steel plates. 


Description of the Final 
Developed Circuit Breaker 


The circuit breaker is built in an en- 
closed insulating housing of two parts 
known as the base and cover. The parts 
are made from ‘“‘Moldarta” of a com- 
position selected to give proper mechani- 
cal strength, resistance to such heat as 
it may be subjected, and to resist warping 
and the absorption of moisture. Both 
base and cover are provided with deep 
ribs or walls to permit close assembly of 
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the different poles and to give adequate 
strength. 

An operating handle made of Moldarta 
is provided to close, open, and reset the 
breakers. This handle moves in a 
shielded slot located near the center of 
the cover. Position indication is ob- 
tained from the operating handle. Upper 
position of the handle indicates the 
breaker is closed, lower position of the 
handle indicates the breaker is opened, 
and mid-position of the handle indicates 
automatic tripping. 

Quick make and quick break are as- 
sured by means of an over-center spring 
toggle which prevents the possibility of 
slow closing. The breaker is trip-free 
from the handle at all times after the 
arc tips have made contact. 

All triggers and latches are made of 
rust-resisting nitride steel. All bearings 
are made of noncorrosive metal. 

Automatic overload tripping is ob- 
tained by means of a thermal release con- 
sisting of a heater, a bimetal part that 
changes its shape with change of tem- 
perature, and a trigger which is moved 
by the bimetal part to unlatch the breaker. 
Resulting time limits are sufficient to 
prevent interruptions due to overloads 
of short duration and still give full pro- 
tection against heating. 

Supplementing the thermal release, 
there is a one-turn electromagnet which 
trips the breaker instantaneously on cur- 
rents ranging from six to eight times the 
normal current rating. 

Both the thermal and magnetic releases 
are mounted on a base, together with a 
trip bar and trigger. This unit is called a 
trip unit and is made up in different cur- 
rent ratings. These trip units can be 
easily removed from the breaker, and are 
interchangeable which permits a change 
in current rating to be made after in- 
stallation. 

Figure 2 shows a final developed cir- 
cuit breaker with the cover removed. 
Figure 3 shows a complete circuit breaker 
of either 10,000- or 20,000-ampere inter- 
rupting capacity with a motor mecha- 
nism for electrical operation. 

The circuit breakers are rated at 70 to 
600 amperes, 250 volts d-c or 600 volts 
a-c, two-pole, and 70 to 600 amperes, 
600 volts a-c, three-pole. The breakers 


Table Il. Weight and Size Data 
*Over-all Size 
Connec- Weight 
tion (Pounds) Width Length Depth 
Bronte: OSiae aie cs 8U/e. ae Py le TS 51/2 
Rear Yue O2iehraat Sia. Aree DQ reeks **]J1/2 


* Operating handle not included. 
** Rear-connected terminals included. 
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as shown are for rear connection only. 
_ By adding a gas by-pass at the top front 

_ end of the cover, the breaker can be used 
for front connection. The gas by-pass 
assists the venting of the gas around the 
terminals. The same molded main base 
and cover are used for both the two- and 
three-pole breakers. 

_ Since size was a very important factor 
in the development of this breaker, table 
II is given, listing the over-all size and 
weights of both the front- and rear-con- 
nected breaker units. 


Final Test Results 


Figure 6 illustrates the performance 
of the final breaker opening a short cir- 
cuit at 36,000 amperes, 600 volts, 60 
cycles, 3 phase. This particular breaker 
satisfactorily opened one open and CO 
short circuit at 20,000 amperes, one open 
and CO at 25,000 amperes, one open and 
CO at 26,000 amperes, and two open and 
CO short circuits at 36,000 amperes. 
The contacts and steel plates were burned 
but not excessively. 

A similar breaker was tested to deter- 
mine the effect of severe short circuits on 
the contact drop. Table I gives the 
short-circuit and contact-drop data. 
These data indicate that the contacts 
were still in excellent shape after six 
short circuits at 20,000 amperes. The 
increase in contact drop after the two 32,- 
000 ampere short circuits is not enough to 
cause overheating or to affect the thermal 
trip calibrations. 


Conclusion 


The circuit breaker, as finally de- 
veloped, is of a size which enables a com- 
pact and efficient switchboard construc- 
tion, has a considerable safety margin 
over the 20,000-ampere rupturing capac- 
ity, and permits interchangeability of a 
large number of detail parts with the cir- 
cuit breaker of the same normal rating 
but of 10,000 ampere rupturing capacity. 
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lineslype Lightning A\rrester 


Performance Data 


1 be REPORT presents character- 
istics of line-type arresters rated 20 
to 73 kv, and is a continuation of the 
previous subcommittee report on ‘‘Dis- 
tribution Lightning Arrester Performance 
Data” published in the AIEE Trans- 
ACTIONS, volume 56, 1937, pages 576-7. 

Data have been presented relating to 
the impulse characteristics of insulation 
both as used on lines and in stations. 
Data on the rates of voltage rise and 
current magnitude to be encountered by 
protective devices in the field are being 


of service conditions. While the test was 
empirically set up, the characteristics 
obtained can be compared with the in- 
sulation to show the margin of protec- 
tion afforded. 

The present standard requires an ap- 
plied impulse voltage rising at the rate 
of 100 kv per microsecond per 11.5 kv of 
rating in these voltage classes. In effect 
this results in an impulse sparkover of 
the arrester series gap in about 0.4 micro- 
second after the impulse voltage begins 
to rise. After the arrester begins to 


Table |. Line-Type Arrrester Characteristics (20-73 Kv) 
Impedance Voltage; 
Arrester Gap Crest Ky When Discharging Currents of 
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NoTEs: 
All test currents 10/20 wave. p 
will not be less than 150 per cent of arrester rating. 


Gap breakdown taken on rate of voltage rise of 100 kv per microsecond per 11.5 kv of rating. 
The 60-cycle sparkover potential of all arresters shown in this tabulation 


* These ratings are maximum permissible line-to-ground root-mean-square voltages. 


accumulated rather slowly. In order to 
have a basis for comparing arrester 
characteristics, a standard test was set 
up which indicates the arrester protec- 


tive characteristic which falls in the range 


Paper number 38-56, prepared by the lightning ar 
rester subcommittee of the AIEE committee on pro- 
tective devices, recommended by the AIEE com- 
mittee on protective devices, and presented at the 
AIEE summer convention, Washington, D. C.,, 
June 20-24, 1938. Manuscript submitted March 
25. 1938: made available for preprinting May 9, 
1938, 


Personnel of AIJEE lightning arrester subcommittee: 
J. R. Noith, chairman; H. W Collins, J. M. Flani- 
gen, I. W. Gross, Herman Halperin, K. B. Mc- 
Eachron, J. R. McFarlin, A. M. Opsahl, A. H. Schir- 
mer, H. K. Sels, L. G. Smith, H. R. Stewart, J. J. 
Torok, and H. L. Rorden. 


Lightning Arrester Performance 


discharge the impulse current should rise 
to 1,500 amperes in ten microseconds and 
fall to half value in ten more microsec- 
onds. This current results in a voltage 
drop or impedance drop across the char- 
acteristic element of the arrester. As the 
impedance drop varies somewhat with 
current, characteristics also are pre- 
sented for currents of 3,000 amperes and 
5,000 amperes. 

The lightning-arrester manufacturers 
have furnished the data from which the 
average characteristic of available ar- 
resters are plotted and tabulated. Tol- 
erances are given to include the expected 
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Impulse spark-over voltages, line- 
type arrester 


Figure 1. 


variation from the average for the in- 


dustry. 
The over-all characteristic of the light- 
ning arrester is usually given in the typical 


662 TRANSACTIONS 


KILOVOLTS CREST 
® 
fe} 


REBRERERUEES 


ERREERGSER. 
RMRAEWAEE ING 
EERREPSAN ou 
BEEEREEE SE 


ENERORSRESeE 
ee 
Ej 


KE 
|| 
fe 
Zi 
Ba 


20 30 40 50 60 70 80 
ARRESTER RATING — KILOVOLTS 
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Figure 2. 


volt-time curve under specified condi- 
tions. The pertinent voltage magni- 
tudes only are given here in order to sim- 
plify the data. By a comparison of the 
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3,000, and 5,000 amperes, 
resters 


typical volt-time arrester characteristic 
with the volt-time characteristic of the 
insulation to be protected, a logical evalua- 
tion of the protection can be made. 
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System Analysis for Petersen-Coil 
Application 


By W. C. CHAMPE 


MEMBER AIEE 


Synopsis: Careful analysis of the char- 
acteristics of a power system has been 
found to be necessary before applying 
Petersen coils to a system which has been 
operating either with the neutral isolated or 
grounded. In these two companion papers 
on Petersen coils, accent has been placed 
on the analysis of system characteristics in 
order to determine whether or not the 
application of Petersen coils will be satis- 
factory. 


F. VON VOIGTLANDER 


MEMBER AIEE 


In this paper (part I) the general 
features of Petersen-coil application are 
considered, and the fundamentals of cal- 
culating coil characteristics are given. In 
the companion paper (part II) by F. Von 
Voigtlander, the methods of performing 
detailed calculations on system fault cur- 
rents, coil ratings, and voltages are given 
in an illustrative example, together with 
field tests to check design computations 
and performance of the equipment. 


Part |—Operating Features and Basic Calculations—By W. C. Champe 


Introduction 


ONSIDERABLE interest has_ re- 
cently been shown in this country 
in the application of resonant neutral 
grounding reactors, or Petersen coils, 
to medium- and high-voltage transmission 
systems for the purpose of extinguishing 
single line-to-ground faults without the 
operation of circuit breakers and before 
they spread to phase-to-phase or three- 
phase short circuits. Applications have 
been made of Petersen coils to existing 
systems, most of these having been sys- 
tems which were originally operated 
with the neutral isolated, since adequate 
relaying of single line-to-ground faults 
is ordinarily more difficult to obtain on 
an isolated-neutral system than on a 
grounded-neutral system. 
A Petersen coil usually consists of a 
tapped inductance with iron core, con- 


Paper number 38-63, recommended by the AIEE 
committee on protective devices and presented at 
the AIEE summer convention, Washington, D. Ce 
June 20-24, 1938. Manuscript submitted March 
21, 1938; made available for preprinting May 19, 
1938. 


W. C. Camper is electrical engineer in the division 
of engineering and construction of the City of 
Toledo, Ohio, and F. VON VOIGTLANDER 1s em- 
ployed in the technical section, electrical engineer- 
ing department, Commonwealth and Southern 
Corporation, Jackson, Mich. These papers (parts 
I and II) are based on a study of Petersen-coil 
application and operation over a period of years, 
and the authors wish to express acknowledgment 
of the suggestions given by their associates, in 
particular to Mr. J. R. North for his encouragement 
and assistance. 
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nected between ground and the neutral 
point of a suitable transformer bank so 
that, in the case of an are to ground of one 
conductor of the transmission system, 
the total reactive lagging current from the 
coils will be approximately equal to the 
residual charging current to ground of the 
system. The inductive reactance of 
the system, most of which will be in the 
Petersen coil or coils, will then be ap- 
proximately equal to the capacitive re- 
actance of the two unfaulted conductors 
to ground. If the coils are properly 
tuned, the fault current in a single phase- 
to-ground fault will be principally the 
in-phase component, which cannot be 
balanced out by the coils and ordinarily 
will be so low that the arc will be self- 
extinguishing. 


Effects on System Operation 


Following is an outline of the effects on 
system operation to be expected from the 
installation of Petersen coils as com- 
pared to isolated-neutral and grounded- 
neutral systems: 


GROUND-FAULT CURRENT MAGNITUDE 


1. On most grounded-neutral systems in 
this country, the ground-fault currents are 
quite large. 


2. On an isolated-neutral system, the cur- 
rent through a single line-to-ground fault 
depends upon the length of transmission 
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lines, and with an extensive system is large 
enough to maintain an arc. 


3. On Petersen-coil systems, when properly 
tuned, the ground-fault current is reduced 
to a relatively small value, approximately 
the in-phase component of residual current. 
Damage to the equipment at the point of 
fault, due to current, is therefore greatly 
reduced. More thorough consideration of 
current magnitudes is given in a later part 
of this paper. 


GROUND-FAULT ELIMINATION 


1. On grounded-neutral systems, all types 
of ground faults ordinarily cause trip-outs. 


2. On all isolated-neutral systems, unless 
small in extent, single-phase faults to 
ground are not self-extinguishing. Since 
these faults are difficult to relay properly, 
they may continue until they become two- 
phase or three-phase faults and the section 
of line is relayed out. 


3. On a system to which Petersen coils 
can be successfully applied, practically all 
transitory single-phase faults are self-ex- 
tinguishing before developing into two- 
phase or three-phase faults. Relay opera- 
tions and interruptions to service, there- 
fore, should be much reduced by the in- 
stallation of Petersen coils on either a 
grounded-neutral or isolated-neutral system. 


M.Ax1muM LINE-TO-GROUND VOLTAGES 


1. Grounded-neutral systems in this 
country usually have sufficiently low values 
of neutral grounding resistance or reactance 
that the neutral at all parts of the system 
does not vary greatly from ground potential. 
Line-to-ground voltages on the unfaulted 
phases, therefore, do not increase greatly 
during fault conditions. 


2. On isolated-neutral systems, line-to- 
ground voltages on the unfaulted phases at 
the point of fault are approximately equal 
to line-to-line voltages, and at distant 
points may be 20 to 50 per cent greater. 
In some cases, this may result in a double 
line-to-ground fault. 


3. With one Petersen coil, overvoltages for 
faults at most locations would be lower 
than on an isolated-neutral system, and 
equipment would be less likely to be dam- 
aged, since the fault duration would be re- 
duced. The installation of additional 
Petersen coils would reduce the overvolt- 
ages for faults at any location. Over- 
voltages are discussed in more detail in a 
later section. 


LIGHTNING-ARRESTER RATING 


1. Ona system having the neutral effec- 
tively grounded, these ratings can generally 
be approximately 80 per cent of the maxi- 
mum line-to-line voltage. 

2. On an isolated-neutral system, these 
ratings must be at least equal to line-to-line 
voltage. 
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Figure 1. Zero-sequence network, showing 

effect of one Petersen coil (a) and two Peter- 

sen coils (b) on the distribution of fault current 
due to a single line-to-ground fault 


Xz, = Line series reactance 
Xc = Line shunt capacitive reactance to 
ground 


Xpr = Reactance of Petersen coil with as- 
sociated transformer (per-phase value 
of transformer reactance Xpp plus 
three times the actual Petersen-coil 
reactance Xp) 

Xrr = Reactance of transformer used with 
Petersen coil 


Xp = Actual Petersen-coil reactance 0/5 
the per-phase value) 

lo = Charging current to ground 

lp = Petersen-coil current 

Ip = Residual current 

F = Single line-to-ground fault 

Ey = Volts, line to neutral 


These zero-sequence quantities are the usual 

values, per phase, based on three conductors 

in parallel, except the Petersen-coil reactance, 

which is actual reactance. Actual currents at 

point of fault and in Petersen coils are three 
times the zero-sequence current 


38. Ona Petersen-coil system, these ratings 
cannot be appreciably lower than for an 
isolated-neutral system, provided only one 
Petersen coil is installed. With additional 
Petersen coils, it may be possible to reduce 
these ratings somewhat. 


EFFECT ON COMMUNICATION FACILITIES 


1. With a grounded-neutral system, the 
fundamental-frequency induced voltage re- 
sulting from single line-to-ground faults 
may be excessive. 


2. On isolated-neutral systems, while the 
fundamental-frequency induction on all 
but very extensive systems is usually less 
than for grounded-neutral systems, noise- 
frequency induction may be severe due to 
the possibility of long-duration ground 
faults. 


8. An installation of Petersen coils usually 
reduces the effects on communication facili- 
ties considerably, as the magnitudes of the 
current carried over the transmission lines 
during faults would in general be smaller. 
For certain fault and exposure locations, 
the residual current in an exposure may be 
almost zero. The number of locations at 
which the residual current would be small 
increases as the number of Petersen-coil in- 
stallations on the system is increased. This 
is especially important upon the occurrence 
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of a permanent fault, such as a conductor 


lying on the ground. The effect of addi- — 


tional coils in reducing line currents is shown 
in figure 1. 


SHOCK TO THE SYSTEM 


1. With a grounded-neutral system, a- 


ground fault may result in a great shock due 
to the heavy current. 


2. With an isolated-neutral system, a 
ground fault may result in a large voltage 
shock. 


8. A properly designed Petersen-coil sys- 
tem results in very little shock to the sys- 
tem upon the occurrence of a ground fault. 


The principal advantages of Petersen 
coils, therefore, are seen to be the clear- 
ing of most ground faults without the 
operation of circuit breakers or interrup- 
tion to service, the reduction in damage 
at the point of fault and in effects on 
communication resulting from reduced 
fault currents, the reduced overvoltages 
as compared to an isolated-neutral sys- 
tem, and the reduced shock to the system 
caused by ground faults. 

In considering the installation of Peter- 
sen coils, the following limitations of the 
coils should be kept firmly in mind: 


1. They do not compensate for the in-phase 
component. 


2. They do not entirely prevent system 
overvoltages to ground from exceeding 
normal phase-to-phase voltages, but only 
limit their extremes in magnitude and re- 
strict their duration. 


3. They require that all apparatus and 
equipment connected between line and 
ground be capable of sustaining overvolt- 
ages. 


4, They have no effect on phase-to-phase 
faults as such. 


5. They do not clear permanent ground 
faults, but help to mitigate their effect. 


Each of the above factors must defi- 
nitely be taken into account when con- 
sidering Petersen coils in order to deter- 
mine their efficacy. 


Zero-Sequence Capacitive 
Reactance and Residual 
Charging Current to Ground 


The first step in any calculations for 
applying Petersen coils is the deter- 
mination of the zero-sequence capacitive 
reactance of a short line section with one 
conductor grounded, neglecting the ef- 
fect of line series reactance. Methods 
of calculating this value on a per-phase- 
per-mile given in 
works. *6 


basis are several 


If the residual charging current to 
ground with one conductor grounded is 


3. For all numbered references, see list at end of 
paper. 


first obtained by test or otherwise, it 
may be expressed on a per-mile basis. 
For later use in combining with other net- 
work reactances, the zero-sequence ca- 
pacitive reactance to ground in ohms per 
phase should be obtained by dividing 
the volts to neutral by 1/3; the charging 
current to ground in amperes. This 
charging current is the same as the 
charging current to ground from all three 
conductors connected in parallel and 
energized at  line-to-neutral voltage. 
Roughly, its value for single-circuit lines 
of moderate or high voltage is 1.5 to 1.7 — 
times the per-phase value of normal 
three-phase balanced charging current 
of the line. This value does not include 
any in-phase component or the effect of 
line series reactance. 

Where double-circuit lines are involved, 
the value of residual charging current 
per mile per circuit must be reduced 
since the residual charging current to 
ground of one mile of double circuit line 
is considerably less than twice the value 
for one mile of single circuit line of equal 
spacing. 

The capacitive reactance to ground 
is influenced by a number of factors such 
as the effect of: the supporting poles, 
substation structures, and trees and 
shrubbery along the right of way, and 
variation in sag, etc. Although the 
value can be calculated quite accurately, 
as shown in part II, it is usually advisable 
to check these calculations by test for any 
particular system if there is any ques- 
tion about the accuracy of the funda- 
mental data. 

A few transpositions may be neces- 
sary in the transmission lines to prevent 
a residual voltage of considerable propor- 
tions being maintained on the system 
during normal conditions, with a conse- 
quent flow of current through the Peter- 
sen coil. 


In-Phase Component 
of Fault Current 


Petersen coils do not balance out the 
in-phase component of current in the 
are caused by losses, such as corona loss, 
leakage over insulators, unbalanced cop- 
per losses, and Petersen coil losses, nor 
do they balance out the harmonic cur- 
rents in the arc. The in-phase com- 
ponent must be carefully checked to 
make sure that it will not be large enough 
to maintain the are readily and prevent 
extinction by the Petersen coils. For- 
tunately, the are will be self-extinguishing 
with a larger magnitude of in-phase com- 
ponent than of quadrature component of 
current, as the current and voltage will 
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both go through zero at the same in- 
stant. 

_ The in-phase component varies con- 
siderably with weather conditions and is 
difficult to calculate accurately. Unless 
preliminary consideration shows that the 
value is small, it is desirable that tests 
be made on a power system to determine 
the magnitude of the in-phase component 
before Petersen coils are applied. It is 
also important to keep in mind that the 
magnitude of this component is generally 
reduced as the number of Petersen coils 
on the system is increased, as the current 
through the lines and the voltage distor- 
tion over the system would be reduced. 
An example of the magnitude of this com- 
ponent is shown in part II. 

Methods of compensating for the in- 
phase component have been developed, 
but the complications ‘nvolved tend to 
make their use undesirable. 


System Voltages 
and Effect on Currents 


On an isolated-neutral system the 
voltages at the point of fault are dis- 
_ placed so that ground is at one corner of 
the voltage triangle, the delta (line-to 
line) voltages remaining approximately 
unchanged in magnitude. As locations 
distant from the point of fault are con- 
sidered, the voltage triangle shifts fur- 
ther away from ground due to the effect 
of charging and in-phase components of 
current being drawn over the series im- 
pedance of the line. The result is that 
voltage appears on the faulted conductor 
(voltage Z’G of figure 2c), and the volt- 
age of the conductor ahead of the faulted 
conductor in time sequence has a volt- 
age to ground greater than the normal 
line-to-line value (voltage Y’G). If the 
transmission system is at all extensive, 
the effect of the series impedance is 
much more important than usually 
thought and may easily impress a volt- 
age between an unfaulted phase and 
ground of 120 to 150 per cent of normal 
- line-to-line voltage. In extreme cases, a 
condition of resonance between capacitive 
reactance to ground and series reactance 
of the line may be obtained with one con- 
ductor grounded. 

The effect of series reactance is espe- 
cially important if a long section of small- 
conductor line connects two capaci- 
tance centers of the system. 

The reactance of a Petersen coil is 
not of a sufficiently low value to hold 
the neutral of the associated transformer 
at ground potential during a ground fault, 
and the system voltages are displaced to 
a condition approximating that on an 


— 
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isolated neutral system. If there is 
only one Petersen coil on the system and 
the fault is near the coil, voltage and 
current conditions on the lines will be 
approximately the same as on an isolated- 
neutral system, This results in an in- 
crease in the total charging current and, 
therefore, increases the capacity re- 
quired in a Petersen coil. These effects 
can be reduced, however, by the in- 
stallation of additional coils, as the charg- 
ing current for any section of the system 
can then be balanced out by a nearby coil 
and large currents will not have to be 
drawn over the line impedance, 

On some systems, particularly those 
with small conductors and high voltages 
or at high altitudes, the increase in co- 
rona current due to the increase in voltage 
at points distant from the ground fault 


’ may be an important factor in preventing 


the successful operation of the coil. 


Number of Coils Required 


As the fault location is moved in from 
the ends of the system toward a Petersen 
coil, the lagging current through the 
Petersen coil will increase appreciably; 
also the charging current of the system. 
If the Petersen coils are in tune for a fault 
at any one location on the system, they 
will be in tune for a fault at any other 
location, provided the system itself does 
not change by having lines switched on or 
off. This applies regardless of whether 
there is only one Petersen coil or several. 
As regards the number of grounding 
points, this is different than the applica- 
tion of grounding banks on grounded 
neutral systems, since then it may be 
necessary to place the banks close enough 
together to give adequate current for 
relays, and more than one bank is al- 
most always required for directional selec- 
tivity. 

If the scheme is used of short-circuit- 
ing the coils in case the fault should con- 
tinue for an appreciable length of time, 
and tripping the faulted line out by 
ground relays, then at least two Petersen 
coils are frequently desirable. 

Two or more Petersen coils may also 
be desirable for other reasons. In case 
the transmission system is likely to be 
split so that sections would otherwise 
be without a Petersen coil, it may be 
desirable to install additional coils in 
these sections. It will then usually be 
possible to set the coils on a reactance 
tap such that the coils will remain ap- 
proximately in tune even though the 
system is split apart, regardless of rela- 
tive size of the sections. This also 
avoids the possibility of considerable 
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over-compensation from a coil in case it 
becomes separated from a large part of 
the system, 

As previously mentioned, the voltage 
distortion in a transmission system, 
magnitude of total charging current, and 
total capacity required in Petersen coils 
will be somewhat reduced by the installa- 
tion of additional coils and best results 
will be secured if they are located near the 
capacitance centers of the system. 


System Neutral Connection 


The transformer bank to which the 
Petersen coil is connected may be either 
a transformer which is used for the trans- 
mission of power or it may be a special 
transformer for the Petersen coil. The 
types of transformer connections which 
can be used are the same as those for 
system grounding; namely, wye-delta, 
zigzag auto, wye-wye-delta (for use 
also as power transformers in parallel 
with delta-delta connected banks), or 
transformers connected with one winding 
zigzag and the other winding delta (for 
operation in parallel with delta-delta 
transformers). 

One type, known as a “Bauch” or 
“Bauch-Quenching” transformer, com- 
bines the grounding transformer and 
the adjustable reactor. The grounding 
transformer is a wye-delta unit. The 
wye winding is connected to the line and 


Z ORG P.F. ANGLE 
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F LINE 6 
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Figure 2. Effect of ground fault and charging 

current on system voltages, showing: (a) 

unfaulted line; (6) faulted line, phase Z, at 

point of fault; and (c) faulted line at point 
distant from fault 


XG, YG,ZG = Line-to-ground voltages 


XY, YZ, ZX = Line-to-line voltages 

lyc, xe = Charging current to 
ground (quadrature com- 
ponent) of — unfaulted 
phases 

leg = In-phase component of 


current to ground of un- 
faulted phases 

lp = Total current to ground of 
unfaulted phases 


has its neutral solidly grounded. The 
reactor is connected across an opened 
corner of the delta winding and is tapped 
so as to be adjustable for proper tuning. 

A number of factors enter into the 
kilovolt-ampere rating of the transformer 
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used with a Petersen coil. If the trans- 
former is a special one used for the coil 
only, it may be of the same kilovolt- 
ampere and time rating as the coil. 
The time rating should generally be at 
least ten minutes and possibly even con- 
tinuous, depending upon the method 
used for isolating permanently grounded 
line sections. If the coil is to be short- 
circuited for relaying when a permanent 
fault occurs, the transformer should have 
adequate capacity to meet the grounding 
requirements of the transmission system. 
This will require at least four or five 
times the amperes capacity required for 
Petersen coil operation but the time rat- 
ing will be on a much shorter basis, usu- 
ally not over sixty seconds. The higher 
capacity but shorter time may therefore 
result in a transformer having a physical 
size not greatly different than the lower- 
capacity longer-time transformer required 
for Petersen-coil operation only without 
short-circuiting. 


Accessory Equipment 


Some means of protecting the coil 
from overload is necessary in case a 
line conductor becomes permanently 
grounded. The circuit to the coil can 
be opened, or the coil can be short- 
circuited to give ground relaying. Hither 
circuit breakers or motor-operated air- 
break switches can be used for these pur- 
poses, and must be capable of withstand- 
ing at least line-to-neutral voltage be- 
tween contacts and between contacts and 
ground. 

If the Petersen coil is placed in the 
neutral of a transformer bank used for 
grounding purposes only, switching equip- 
ment in series with the coil can be omit- 
ted, but some means should be provided 
for disconnecting the transformer from 
the line or bus. At the lower voltages, 
fuses may be satisfactory, although there 
is an inherent difficulty in distinguishing 
between line faults (for which the fuses 
should not operate), and transformer 
failures (for which the fuses should 
operate). Use of a circuit breaker is 
highly desirable, but it is possible simply 
to use air-break switches to disconnect 
the transformer manually when neces- 
sary, and to treat transformer faults the 
same as bus faults. 

The Petersen coil ordinarily must be 
removed from service by one of the above 
means when tap changing is necessary. 
An alarm relay and graphic ammeter 
connected to a current transformer in 
the permanently grounded lead from the 
coil are desirable, in addition to relays 
for operating the switches to short cir- 
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cuit or open the Petersen coil for per- 
manent faults. The 
former can have a comparatively low 
voltage rating. 


Preliminary Determination of Coil 
Impedance and Current Rating 


The fundamental factors which must 
be considered to determine the approxt- 
mate impedance and current rating of 
Petersen coils are given in the following 
outline. The detailed methods of cal- 
culation are shown in the example of 
part II. i 

If the transmission system is not ex- 
tensive the coil or coils will have a large 
impedance in comparison with the series 
impedance of the transmission lines. In 
this case neither the Petersen-coil cur- 
rent nor the charging current will vary 
much with faults at different locations 
and the effect of line impedance can be 
neglected. With an extensive trans- 
mission system, the Petersen-coil im- 
pedance will become smaller and the 
series line impedance larger. The latter 
then becomes an important factor. 

The first step in calculating the coil 
ratings is to determine the value of zero- 
sequence capacitive reactance to ground 
for a short section of transmission line. 
The next step will depend upon the size 
of the transmission system to which the 
coils are to be applied. 


Com RATINGc— 
SHORT TRANSMISSION SYSTEMS 


For the most simple case, with one 
coil and a short transmission system, 
all the capacitive reactance can be con- 
sidered as lumped at the Petersen-coil 
location and the series reactance of the 
line need not be considered. Neglecting 
positive- and negative-sequence values 
for the preliminary calculations the in- 
ductive reactance of the coil with its 
associated transformer must equal the 
capacitive reactance of the transmission 
system to ground. 

From this value determined for the 
reactance of the Petersen coil with its 
associated transformer, the reactance of 
the transformer must be subtracted, and 
the difference divided by three to deter- 
mine the actual reactance of the Peter- 
sen coil itself. This division by three is 
necessary since per-phase values are or- 
dinarily used and the Petersen coil must 
carry the zero-phase-sequence current 
from all three conductors. The current 
rating is approximately equal to the total 
residual charging current to ground 
(determined as previously described) 
and the voltage rating is equal to the ac- 
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current trans- . 


tual Petersen coil ohms multiplied by 
this current. This voltage is slightly 
less than the normal line-to-neutral 
voltage of the system. 

In the zero-phase-sequence network, 
the three phases of the transformer and 
line are connected in parallel and line- 
to-neutral voltage applied between them 
and ground. The per-phase values are, 
therefore, different than the total values 
by the factor of three. It would be pos- 
sible in calculations of an approximate 
nature to use the total zero-sequence 
values, which with phase-to-neutral volt- — 
age would give the actual coil reactance 
directly without the necessity of dividing 
by three. The use of per-phase react- 
ances on the other hand in conjunction 
with line-to-neutral volts gives the zero- 
sequence component of the fault current 
and this must be multiplied by three to 
get the total fault current. It is much 
better to use the per-phase values, as the 
refinement of considering positive- and 
negative-sequence reactances can easily 
be added since they are always per phase. 


Com RatTinc— 
EXTENSIVE TRANSMISSION SYSTEMS 


If line series reactance must be taken 
into account, the most simple case is a 
single transmission line with a Petersen 
coil at one end. If the line is not over 
about 100 miles in length, the capacitance 
can be considered lumped at the ends 
or in the middle (7 or T line). If 7 lines 


? Xpt=Xe, 


GROUND oa 
(a) (b) 


Xe-5or-Xrr) 
(c) 
Figure 3. Method of combining line series 
and shunt capacitive reactances to determine 
Petersen-coil reactance. The network is re- 
duced to that indicated at (c) and the actual 
Petersen-coil reactance is then determined by 
the equation shown 


Xo, and Xg, are the zero-sequence capacitive 
reactances to ground for the two ends of the 
line, which are combined as indicated to de- 
termine X¢g3; and X¢,. See figure 1 for ex- 
planation of other symbols 


are used, half the capacitance is lumped 
at each end and expressed as a capacitive 
reactance. The capacitive reactance at 
the far end is then combined with the 
line series reactance (only zero-phase- 
sequence values being used for the ap- 
proximate solution) by subtracting one 
from the other to obtain an equivalent 
reactance at the Petersen-coil location. 
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(See transformation a to b of figure 3.) 
This value must then be combined with 
the capacitive reactance of the line as- 
sumed at the Petersen-coil end (react- 
ances in parallel) to give the equivalent 
total capacitive reactance at the coil 
location. (See transformation } to it 
figure 3.) The rating of the coil is then 
obtained in the same manner as in the 
most simple case where no line series re- 
actance was considered, and is shown in 
the equation below part c of the figure. 

In case of a more extensive transmis- 
sion system, the line series reactances 
and lumped shunt capacitive reactances 
to ground of several short line sections 
(not over about 100 miles in length) are 
combined step by step in the same manner 
to obtain an equivalent total capacitive 
reactance for the system, referred to the 
Petersen-coil location or locations. 

Positive- and negative-sequence values 
can be included in the usual manner, al- 
though if there are transformers and 

generators supplying power at different 


points of the system, the positive- and 
negative-sequence values usually will be 
sufficiently low in comparison with the 
zero-sequence values that they need not 
be considered in preliminary calculations. 


OTHER Factors IN RATING 


To provide for proper tuning when a 
section of the transmission system has 
been switched off, additional reactance is 
required in the coil and may be of a 
lower current rating. This additional 
reactance must be sufficient to give tun- 
ing for the minimum transmission sys- 
tem expected, or down to an are current 
value sufficiently low that the arc will be 
self-extinguishing even though the charg- 
ing current is not entirely balanced out by 
the coil current. 

The questions of tap steps, tap changers 
and operating mechanisms, coil insulation 
and protection against surge voltages, 
and other design factors have been covered 
in a recent Institute paper by Mr. E. M. 
Hunter.! 


Part II—System Analysis and Computations—By F. Von Voigtlander 


; Introduction 


N PART I of this paper entitled 

“Operating Features and Basic Cal- 
culations,” by W. C. Champe, a dis- 
cussion of the application of Petersen 
coils to power systems for the purpose of 
improving service through the preven- 
tion of outages and interruptions due to 
ground faults is presented. It is the 
purpose of part II of this paper to pre- 
sent in some detail the method of com- 
putation and analysis for the prediction 
of the behavior of a power system under 
the condition of single line-to-ground 
fault with the neutral of the system 
grounded through a resonant neutral 
grounding reactor or Petersen coil. 

For purposes of discussion, a repre- 
sentative type of power system to which a 
Petersen coil could be successfully ap- 
plied is set up and the solution of the re- 
quired range of reactance and rating 
of the coil together with resultant ground- 
fault currents in various branches of the 
system is presented for two different 
conditions of system operation. On the 
basis of the most severe single line-to- 
ground fault conditions, with the coil 
applied to the system, the voltages ap- 
pearing between the phase conductors 
and ground at the fault and at a sta- 
tion remote from the fault are calculated. 
To demonstrate the effectiveness of the 
Petersen coil, results of computations 
are also given for the fault currents and 
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voltages which the system would experi- 
ence with the neutral totally isolated. 
The relative accuracy of the computa- 
tions and permissible approximations 
are discussed and an outline of field tests 
to corroborate design computations and 
to later check the performance of the 
Petersen coil after installation is pre- 
sented. 

In the consideration of the applica- 
tion of Petersen coils to a power system, 
it is assumed here that operating records 
on the system under consideration have 
shown that a sufficiently large number of 
service interruptions due to transitory 
ground faults have been experienced to 
warrant the expense of the application of 
Petersen coils to reduce troubles from 
this cause. If, for example, 75 per cent 
of all outages were due to transitory 
ground faults, a Petersen-coil installa- 
tion which was, say, only 50 per cent 
effective, would still provide considerable 
relief. However, if only 25 per cent of all 
outages were due to transitory ground 
faults, the coil installation would have to 
be much more effective to be justified. 

It is of importance, therefore, to care- 
fully analyze the performance of the 
power system to determine in advance 
the range of ground fault currents, the 
relative importance of the in-phase com- 
ponents, and the range of dynamic volt- 
ages to ground that may reasonably be 
expected in operation. These data will 
serve not only as a basis for the design 
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of the coils, but also to evaluate the 
probable effectiveness of their installa- 
tion. 


Analysis of a Simple Radial System 
of Moderate Capacity and Voltage 


A general type of isolated-neutral 
power system has been taken for con- 
sideration, consisting of a simple radial 
network of moderate capacity and volt- 
age, with lines of ordinary wood-pole 
construction without ground wires and 
with the conductors sufficiently trans- 
posed to keep the normal residual volt- 
age within reasonable limits. This sys- 
tem has been selected as an example of a 
type to which a Petersen coil can be 
applied with reasonable assurance of 
satisfactory results with the possible 
exception of complete reduction of system 
overvoltages. 

This system shown in figure 1 consists 
of 33-kv single-circuit, three-phase, 60- 
cycle lines using wood-pole construction 
of uniform configuration with number 
1/0 copper conductors throughout. The 
system is supplied by three 1,500-kva 
generators through a 4,500-kva step-up 
transformer bank supplying a number of 
delta-connected transformers along 210 
miles of line. All transformers are as- 
sumed to be of the two-winding type, 
delta-delta connected, except at the gen- 
erating station, which is delta on the 
generator side but wye on the 33-kv side. 

Since the conductors are of reasonable 
size and the voltage is moderate, corona 
is no factor and can be eliminated from 
consideration. Resistance of the con- 
ductors could well enough be neglected 
except that the in-phase component of 
fault current and line-to-ground voltages 
are to be computed. It would be ex- 
pected, however, that the in-phase com- 
ponents of ground-fault current would 
be too small to sustain the ground-fault 
arc. The Petersen coil, therefore, would 
be quite effective in arc extinction if 
located at any point on this system, but 
to obtain the maximum effectiveness, par- 
ticularly in the reduction of system line- 
to-ground overvoltages for ground faults 
at all locations, the coil should be located 
at the capacitance center of the system, 
which in this case would be at station B. 
However, practical considerations would 
probably dictate the location of the coil 
at the generating station A, where a 
neutral connection of adequate capacity 
is already available, though in this loca- 
tion the coil would have but limited effect 
in the reduction of system overvoltages 
for ground faults at or near the generating 
station. 
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Figure 1. System diagram 


Using symmetrical components, the 
system is divided into its component posi- 
tive-, negative-, and zero-phase-sequence 
networks. The impedances of the 
generators and the transformer bank are 
known from manufacturer’s data which 
are reduced to ohms on the common volt- 
age base in the normal manner. The 
electrical characteristics of the trans- 
mission lines can be conveniently deter- 
mined by reference to the tables and curves 
of Engineering Report No. 37 of the 
Joint Subcommittee.* If test data are 
not available, earth resistivity may be 
approximated from the data given in an 
AIEE paper by R. H. Card.4 Whenever 
possible, test data in the vicinity of the 
system being studied should be used, as 
earth resistivity may vary quite widely 
over comparatively small geographical 
areas and so result in considerable varia- 
tion in the zero-phase-sequence imped- 
ance of the lines. It will be taken here as 
50 meter-ohms, a reasonable value for 
example, in the Great Lakes region. Us- 
ing the formulas given in tables 2 and 
5 and the curves of figures 14, 15, and 
16 of Report No. 37, the positive-, nega- 
tive-, and zero-phase-sequence imped- 
ances and admittances of the lines are 
found as shown in the appendix hereto. 


PETERSEN-COIL COMPUTATIONS 


Having set up the component net- 
works, a fault location for worst condi- 
tions should be chosen. In this case, the 
worst location for a ground fault would 
be at the generating station A, as this 
would give the greatest residual current 
in the system, would require the maxi- 
mum current and minimum impedance 
in the Petersen coil at A, and would 
result in maximum voltages to ground 
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on the system, these voltages appearing 
at station D. 
that the behavior of this system under 
these conditions is essentially that of an 
isolated-neutral system with the excep- 
tion that only the in-phase components 
of current appear in the fault and in the 
positive- and negative-phase-sequence 
networks. 

The required reactance of the Peter- 
sen coil can be found directly from the 
zero-sequence impedance of the system 
since under fault conditions, the coil is in 
parallel with this impedance and it is de- 
sired to make the reactance: of the coil 
equal in magnitude to the quadrature 
component of the system zero-sequence 
impedance, but of opposite sign. When 
the value of the coil reactance is estab- 
lished, the resultant currents in the fault 
and in the coil and the component net- 
works can readily be found. The results 
of these computations carried out in the 
appendix hereto are summarized in 
table I. To demonstrate the effective- 
ness of the Petersen coil the values ob- 
tained for the neutral totally isolated are 
also shown. 

The required range of the Petersen 
coil is now established as 559 to 812 ohms 
with a capacity of 34 to 23 amperes, 
respectively. To provide for system 
growth, changes in operating conditions, 
and a reasonable factor of safety, this 
range of values would be extended some- 
what both above and below these limits, 
as necessitated by local requirements. 
Since the coil would be required to fur- 
nish its rated current only for the dura- 
tion of the fault, the basis for its time 
rating would depend largely on local 
methods for clearing permanent ground 
faults. Time ratings of either ten min- 
utes, 30 minutes, or continuous are usu- 
ally specified. 

It is of interest to consider whether 
retuning the Petersen coil is likely to be 
essential if the branch B-C, which con- 
stitutes 28 per cent of the entire system 
line mileage, is switched off when the 
coil is tuned for the complete system. 
With the coil tuned for the complete sys- 


Table I. 


It is of interest to note 


tem, the neutral impedance is + /1,691 
ohms. With the section B-C switched 
off, the system zero sequence imped- 
ance becomes 43 —j2,450 ohms. The coil 
tuned for the complete system would 
then overcompensate the remaining lines, 
and a lagging current of 0.39—j10.3 am- 
peres would appear in the fault. How- 
ever, even though the coil were not re- 
tuned, it would still effect a 57 per cent 
reduction in fault current and would 
probably result in fairly effective arc 
extinguishing for the majority of faults 
though, of course, satisfactory perform- 
ance without retuning could be confirmed 
only by experience. 


System VOLTAGES TO GROUND 


For this assumed system the Petersen 
coil located at the generating station 
would be very effective in the reduction 
of ground fault currents to such low 
values that the arcs would be self-ex- 
tinguishing. It is therefore of interest to 
note the dynamic voltages to ground 
which may be expected to appear on the 
conductors for single line-to-ground faults 
on the system. Precise computation of 
these voltages is beyond the scope of this 
paper, but reasonably accurate results 
for most practical cases can be obtained 
by applying symmetrical components in 
the usual manner, neglecting the effects 
of the load and balanced currents, but 
including circuit resistances. 

Solving for the sequence currents and 
their distribution in the complete sys- 
tem including the Petersen coil, assuming 
the fault to ground on phase Z at station 
A as before, the voltage drops in the 
sequence networks can be computed to 
the point where the system voltages are 
desired. The resistive components have 
been included to demonstrate the differ- 
ence in voltages to ground of the non- 
faulted phases at points remote from the 
fault, caused by the introduction of the 
quadrature component of zero-sequence 
voltage. 

The results of these voltage computa- 
tions as carried out in the appendix here- 
to are given in table II. The values for 


System Impedances and Fault Currents 


Complete System 


— 


Section B-C Switched Off 


Petersen Coil 


Neutral Isolated 


Petersen Coil Neutral Isolated 


Positive-phase-sequence impedance 
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> neutral totally isolated are also shown 
for comparison. : 


cation of the fault) and at station D 
(remote from the fault). The ground 
fault is on phase Z so that its potential 
at the fault is reduced to ground poten- 
tial or zero. The voltages of phases X 
and Y to ground then become equal to 
the line-to-line voltages. At station D, 
150 miles away, the line-to-line voltage 
angle X’Y’Z’ is equal to and in phase 
with the line-to-line voltage triangle XY YZ 
(load and balanced components having 
been neglected), but X’Y’Z’ in this case 
has been displaced upwardly and to the 
ight. At station A, the line-to-line- 
and line-to-ground-voltage triangles coin- 
cide. At station D the line-to-line-volt- 
age triangle X’Y’Z’ is displaced from the 
ine-to-ground voltage triangle X’ Y’G due 
to the rise and line-angle shift of zero- 
“sequence voltage progressing along the 
line from the fault, so that the magnitudes 
of the voltages to ground at D no longer 
equal those at A. 

These voltages given in table II are the 
‘dynamic voltages to ground sustained 
by the system for the duration of the 
fault. Coincident with the fault, tests 
have shown that voltage transients of the 

order of 100 kv crest may also be experi- 
enced. These voltages, both dynamic 
and transient, are mot the result of the 
operation of the properly engineered 
modern Petersen coil, but are an attribute 
of operation with a flexible neutral. 

The effect of the Petersen coil in re- 
ducing the dynamic voltages which may 
be experienced during ground faults de- 
serves note, as by means of the coil these 
voltages may be limited to values safely 
within the ratings of equipment connected 
from line-to-ground, which otherwise 
might be damaged. 

The voltages as computed for this sys- 
tem represent the maximum range of dy- 
namic voltages that might be expected 
because the fault has been placed at the 
Petersen coil which is at one end of the 
system so that in this case it has had but 
limited effect in the reduction of system 
overvoltages. If a fault location had 
been chosen elsewhere on the 33-kv sys- 
tem, a greater reduction in these over- 
voltages would have been effected. The 


t 


Figure 2 shows the vector relations of 


maximum reduction would be experienced 
for faults at station D, as the lagging reac- 
tive current from the Petersen coil would 
then flow out onto the system to balance 
the leading capacitance current from the 
lines and thereby reduce the capacitance 
current flowing through the system series 
impedance. If Petersen coils were lo- 
cated, for example, at both stations A and 
D, dynamic overvoltages to ground on 
this system would be eliminated, that is, 
they would be reduced to line-to-line 
voltages when one phase was grounded. 


Accuracy of Computations 


In making calculations of power-system 
fault currents and voltages, the question 
naturally arises as to what accuracy can 
reasonably be expected of the results. 
With the modern methods of computation 
and with convenient and accurate means 
available for calculating system imped- 
ance characteristics, it will generally be 
found that the greatest unknowns in the 
computations are the effects of the various 
empirical factors upon the system ad- 
mittance to ground, earth resistivity, and 
the effects of harmonics. 

Tests on a number of systems over 
quite a range of voltages and configura- 
tions have shown the measured values of 
admittances of short sections of line 
to be consistently greater than the cal- 
culated values. In the author’s experi- 
ence, these differences on well-main- 
tained systems where complete data is 
available and where corona is no factor, 
have been found to uniformly approxi- 
mate ten per cent. Where test data are 
not available, the calculated values of 
unit admittance may be increased by 
this amount with resultant improvement 
in accuracy. On high-voltage systems 
where corona is a factor, the calculation 
of the system admittance is complicated 
by the necessity for evaluating the ca- 
pacitance-shunting resistance equivalent 
of the corona loss, which itself is subject 
to considerable variation, and by the 
direct effect of corona on the system ca- 
pacitance. In making computations in 
which corona must be considered, it is 
well to bear in mind also that the corona 
loss of a system with one conductor 
grounded is considerably greater than 
the balanced corona, as has been dis- 


Table Il. Woltages to Ground for Complete System 


Phase X Phase Y Phase Z 
At station A (fault location)...... Petersen’ coili.5..5 6230. 33,000 SOU Aes ac 
Neutral isolated........ 34,500 eae Pe abi atyastsi x se 
At station D (remote from fault). . Petersen CONS vs os 820,000 BeSO0 ne teje tee «3.6 a 
24 Neutral isolated 36,500 37,500. . 2,880 
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Figure 2. Voltage diagram 


cussed in various articles on this subject. 

If test data are available on the earth 
resistivity in the territory of the system, 
the errors due to this factor can be largely 
eliminated. Where no test data are 
available, but reasonably accurate esti- 
mates can be made, resulting errors in 
computing zero-sequence impedance may 
be of the order of ten per cent to 30 per 
cent. In extreme cases of unsuspected 
high earth resistivity though, these errors 
may be greater. However, large errors in 
zero-sequence impedance will generally 
not result in proportional errors in fault- 
current computation because the imped- 
ance is usually a smaller factor than the 
admittance. 

All computations involving residual 
current are subject to errors due to the 
effects of harmonics in that current. 
Errors in results due to these harmonics 
do not usually in practice become as 
serious as might be expected. However, 
the possibility of the system being reso- 
nant to certain harmonics should not be 
overlooked, as this can be predicted fairly 
well from the impedance characteristics 
of the system. 

Tests have shown that when all per- 
tinent factors have been taken into ac- 
count and reasonably accurate basic data 
are available, the ground fault currents 
and voltages can be calculated to within 
less than ten per cent of their measured 
values. The in-phase component of 
system fault currents, however, is sub- 
ject to considerably greater error, be- 
cause it is usually a small portion of the 
total current and is displaced from it by 
approximately 90 degrees, and because of 
the difficulty of accurately evaluating 
leakage and corona. 


Permissible Approximations 


In any more or less extended analysis 
of this sort it is, of course, desirable to 
make such approximations and simplifica- 
tions as may be made without introduc- 
ing errors inconsistent with the expected 
accuracy of the computation. For in- 
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stance, in the example under considera- 
tion, hyperbolic correction factors could 
have been applied to the distributed con- 
stants of the system with the resultant 
difference of about 1 per cent in the value 
of system characteristics from that com- 
puted by the more approximate methods 
of lumping the characteristics into the 
three sections. It is therefore seen that 
while the additional labor of employing 
hyperbolic functions in such a simple 
system would be entirely unwarranted, 
in an extensive system, it might easily be 
justified, particularly if the effects of loads 
and balanced currents were to be con- 
sidered. 

As shown in table I, the magnitude of 
fault current is but very slightly affected 
by the resistances in this system and ob- 
viously for calculations in which it was 
not necessary to determine the in-phase 
component, the resistances could easily 
be neglected. However for example, if 
the conductors had a high resistance-to- 
reactance ratio, or if considerable corona 
was present, the resistance might easily 
have become an important factor. 

There is always the danger of one at- 
tempting to apply the results of approxi- 
mation in simple cases to complex cases 
where such approximations may lead to 
great error. It is, therefore, always ad- 
visable to carefully consider the system 
involved and to observe the relative 
magnitudes of the various factors which 
it is proposed to neglect. Approxima- 
tions, particularly of the rule-of-thumb 
type, frequently serve to magnify the 
errors, especially on large and extensive 
systems, to a point where the computa- 
tions may be of little value. Consider- 
able experience has shown it advisable to 
set up the component phase sequence net- 
works completely so that the relative 
magnitudes of the various factors become 
apparent before attempting to resort to 
approximations. 

In spite of the various doubtful factors 
which may come into computations of 
this sort, the results obtained when based 
on reasonably accurate system data and 
on well-considered choice of intangible 
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factors, will amply bear out and justify 
the efforts put into the work. Although a 
plus or minus ten per cent error may seem 
large compared to the accuracy of many 
other electrical computations, this error 
becomes small when compared to the 
error that results from attempting to 
design a Petersen-coil system without 
making these detailed calculations. 


Field Tests to 
Corroborate Design Computation 


Since the installation of a Petersen 
coil generally involves an appreciable 
investment, if there is much doubt about 
the accuracy of the power-system data 
earth resistivity, etc., field tests to check 
the results of calculations are easily justi- 
fied. Before making any tests, however, 
complete computations should be made 
in advance, based on the best data ob- 
tainable, so that some approximation of 
the range of expected results can be ob- 
tained. By the use of a transformer of 
the required reactance and rating, a 
Petersen coil can be simulated if a neu- 
tral connection can be made available so 
that the tests can be made under condi- 
tions closely approximating expected 
operating conditions. 

Figure 3 shows a schematic diagram of 
test connections for tuning a system to 
resonance with the neutral reactance. 
Tuning can be accomplished either by 
varying the reactance in the neutral or by 
varying the system admittance by switch- 
ing lines on or off the system as required. 

Figure 4 shows schematic diagrams for 
making the necessary simultaneous surge- 
recorder, oscillograph and indicating- 
instrument measurements of neutral volt- 
age displacement, neutral current, fault 
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current, phase angle between fault current 
and residual voltage, phase-to-phase volt- 
ages, phase-to-ground voltages, residual 
voltages, and transients during the time 
of the application of solid ground faults 
and ground fault arcs at the proposed 
Petersen-coil location (station A) and at 
the remote point of the system (station 
D). 

From the results of such tests as out- 
lined, sufficient data can be made avail- 
able to accurately establish the system’s 
electrical ground-fault characteristics so 
that the computations can be checked. 
During the ground-fault tests, simul- 
taneous observations may be made on 
neighboring communication circuits and 
factors such as mutual coupling and earth 
resistivity may be determined. 


Field Tests to Check 
Petersen-Coil Performance 


Field tests to check performance of the 
installation after the Petersen coil has 
been designed, manufactured, and in- 
stalled on the system are essential to 
check the performance of the coil and the 
system under the various operating condi- 
tions likely to be encountered. The setup 
for these tests would be quite similar to 
the setup for tests to determine the sys- 
tem’s electrical characteristics as out- 
lined in figures 3 and 4. The tests 
would be carried on in -quite a similar 
manner with the possible addition of 
tests at various other locations and under 
perhaps a wider range of operating condi- 
tions. If any form of automatic clearing 
of permanent ground faults has been in- 
stalled, the functioning of such equip- 
ment should also be observed and checked 
by test. 

Tests with the coil tuned for the entire 
system but with parts of the system 
switched off should also be made to deter- 
mine the necessity for precise tuning 
and to determine the stability of arcs of 
various current values on the system. 
In addition, tests can be made of bushing- 
type current-transformer ratios, effec- 
tiveness of relays, effectiveness of light- 
ning arresters, rod gaps, protector tubes, 
etc., so that a large amount of very useful 
data can be obtained on the character- 
istics of the system during abnormal op- 
erating conditions. 

With the system in reasonably good 
operating condition all the tests as out- 
lined should be carried on without ad- 
versely affecting service on the system 
during the time of the tests. Since only 
single-phase ground faults are involved, 
barring equipment failures such as 
lightning-arrester failures, bushing flash- 
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commonly experienced on isolated-neutral 
systems during conditions of single line- 
to-ground faults, no appreciable effect 
on the phase-to-phase voltages will ordi- 
narily be noticed. 


Conclusions 


1. Petersen coils have a definite field of 
application in improving the performance 
eliability of a transmission system. How- 
ever, there are many factors which need 
_ to be considered in determining their prob- 
able effectiveness in a given installation, 
including: 


(a). The relative number of transitory single line- 
to-ground faults vs. faults from all causes. 


: (b). Magnitude of the in-phase component of fault 
_ current. 


(c). Overvoltages to ground that may occur with 
faults at different locations. 


2. The electrical circuit characteristics 
of the system during line-to-ground faults 
must be determined to properly ascertain 
the coil characteristics. These can be 
calculated reasonably accurately and sub- 
stantiated by test. 


3. The layout of the system has an im- 
portant effect on the voltage and current 
conditions during ground faults. This is 
especially true if a long section of small 
conductor line connects two large capaci- 
tance centers of the system. 


4. Dynamic overvoltages to ground con- 

siderably in excess of line-to-line voltages 
may be experienced during single line-to- 
ground faults even though the system is 
equipped with a properly tuned Petersen 
coil. 


5. The ground-fault characteristics of a 
system both before and after the installa- 
tion of Petersen coils may be confirmed by 
relatively simple tests which need not 
interfere with normal operating conditions. 
These tests should include measurements 
of earth resistivity, overvoltages, effective- 
ness of protective equipment, effect on 
paralleling communication systems, etc. 


Appendix 


System Impedances 


The positive- and negative-phase-se- 
quence networks of the assumed system 
are shown in figures 5 and 6 for the fault 
at station A. The portions not shown 
carry nocurrent. The zero-phase-sequence- 
line impedances may be determined from 
table 2 and curves of figures 15 and 16 of 
Engineering Report No. 37 of the Joint 
Subcommittee :3 


Zy, = 0.697 + 71.46 for 1/0 copper con- 
ductors with mean spacing of 5.45 
feet and earth resistivity of 50 
meter-ohms 

Zw = 0.09 + 70.71 

Z = Zu + 22: 


0.877 + j2.88 ohms per mile, zero- 
sequence impedance 
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overs, and similar failures, which are 


The zero-sequence line admittance may 
be determined from table 5 and figure 14 
of Engineering Report No. 37 of the Joint 
Subcommittee.* With line conductors as 
above at 28 feet average height: 


0.179 


4h [ane 
2 log — Reba 
og 7 + 2 (2 log Sat + :) 


0.00683 microfarad per mile, zero- 
sequence capacitance 

—j888,000 ohms per mile, shunt im- 
pedance or + 72.57 X 107° mhos 
per mile, shunt admittance 


Co = 


i 


Zero-sequence network is as shown in 
figure 7 and reduces to Z) = 49 — 71,690 
ohms. 


Petersen-Coil Computations 


CoMPLETE SYSTEM 


Admittance corresponding to above zero- 
sequence impedance is ¥o=(17.8 + 7591) X 
10~-§ mho. 

Neutral admittance should then = Ypr 
= —j591 X 10-* mho or Xpr = +71,691.5 


ohms. 

Petersen-coil reactance (Xp) = 
1/3(Xpr—Xrr) = 1/3 (4+31,691.5 — 714.5) 
= +7559 ohms. 


The zero-sequence impedance of the sys- 
tem including the Petersen coil then re- 
duces to 57,900 ohms and the fault current 
becomes 


Te 33,000+/3 
Y ~ 57,900 + 750.8 + 744.5 
Neglecting the j terms as insignificant, 
I; = 0.99 ampere 


The current in the coil then is found to be 
—j33.8 amperes and the current in the 
zero-sequence network becomes 0.33 + 
ji1.27 amperes. 


Section B-C SwitcHED OFF 


With section B-C switched off the zero- 
sequence network becomes as shown in 
figure 8 which reduces to 


Z, = 43 — j2,450 ohms 


or 
Yo = (7.16 + 7408) 10-* mho 

Neutral admittance should then = Ypr = 
—j408 X 10-® mhos or Xpr = +72,450 
ohms. Petersen-coil reactance (Xp) = 


1/,(+j2,450 — j14.5) = +7812 ohms. 

The zero-sequence impedance of the 
system including the Petersen coil then 
reduces to 139,700 ohms and the fault cur- 
rent becomes 0.41 amperes, with a coil 
current of —j23.4 amperes. 

With the coil tuned for the complete 
system but with section B-C switched off 


the zero-sequence impedance becomes Zo = 
213.5 + 75,460 ohms, and 


33,000+/3 
213.5 + 75,460 + 750.8 + 744.5 
= 0.39 — 710.3 amperes 


Ty = 
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+j36.3 +5145 


Figure 5. Positive- 
phase-sequence net- 
work 


+j30 +) 14.5 : 


Figure 6. Negative- 
phase-sequence net- 
work 


A 033+ IL 27A 65.7 + j216 


Figure 7. Zero-phase-sequence network for 
complete system 


A 65.7 +j216 65.1+j216 p 


50 ~jl03505= -|10350 ~jl0. 
at eee 


Figure 8. Zero-phase-sequence network with 
line section B-C switched off 


-j103 


Computation of Voltages 


From the coil computations the current 
in the zero-sequence network is found to 
be 0.33 -+ j11.27 amperes. Current dis- 
tribution in the network gives +71.84 
amperes through the admittance at A 
and 0.081 + 72.09 amperes through the 
admittance at D. 


VOLTAGES AT THE FAULT (STATION A) 
Positive sequence: 
33,000 


: i V/3 
= 19,050 — 717 volts 


— (0.33 X 750.8) 


Negative sequence: 
FE, = 0 — (0.83 X j44.5) = 0 — 715 volts 
Zero sequence: 


Eo = 0 — (+71.84 X —j10,350) 
= —19,050 volts 


From symmetrical components and neg- 
lecting the above j voltage terms as insigni- 
ficant: 


By = otE, + aE, + Es 
E, = aE, + a?E, + Eo 
Fz=h+&+ Eo 


where a = —0.5 + 70.866 and a? = —0.5 — 
j0.866 


Phase X Phase Y Phase Z 
to Ground to Ground to Ground 
—9,525 — 716,500 —9,525 + 716,500 19,050 
0 0 0 
— 19,050 — 19,050 — 19,050 
— 28,575 — 716,500 —28,575 + 716,500 0 
33,000 volts 33,000 volts 0 volt 


VOLTAGES AT STATION D FOR FAULT AT A 


Positive- and negative-sequence volt- 
ages at D will be the same as at the fault 
(see above) as these two networks are 
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considered as carrying no current between 
A and D in this case. 


Zero-sequence voltage =0 —[(0.081 + 72.09) 
x —j10,350] = —21,700 + j840 volts 


—9,525 — j16,500 
0 


Phase X 
to ground 


— 21,700 + 7840 


— 31,225 — 715,660 
35,000 volts 
—9,525 + 716,500 
0 


Phase Y 
to ground 


— 21,700 + 7840 


— 31,225 + j17,340 
35,800 volts 


19,050 


Phase Z 


0 
— 21,700 + 7840 
to ground Sa 


—2,650 + 7840 
2,780 volts 
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Discussion 


H. M. Rankin and R. E. Neidig, nonmem- 
ber (Metropolitan Edison Company, 
Reading, Pa.): Part I—Operating Fea- 
tures and Basic Calculations—by W. C. 
Champe. The author has covered the 
ground in a brief but clear and instructive 
manner. There are, however, a few points 
on which we wish to comment, as follows: 

Lightning Arrester Rating. The author 
says that with multiple coil installations it 
may be possible to reduce the rating of 
lightning arrester below line-to-line volt- 
age. We believe such practice would be 
questionable, as sectionalizing the system 
might readily leave any one section isolated 
with one coil, and the high impedance of the 
coil would maintain line-to-line voltage to 
ground on two conductors if the third were 
grounded. 

Advantages of Petersen Coil. Records 
which we have taken with an automatic 
oscillograph have never indicated higher 
voltage to ground than 1.7 times normal 
line-to-neutral voltage. Our equipment is 
designed for voltage to ground equal to 
normal line-to-line voltage. 

Trans positions. On existing systems, 
particularly sorhe of the older ones, it may 
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be difficult and expensive to obtain the 
proper number of transpositions. 
found it possible in some cases to balance 
one section of line against another section 
having a different arrangement of conduc- 
tors. This, of course, can only be done pro- 
viding it is possible, when one of these lines 
is out of service, to cut the residual current 
to a satisfactory value by detuning the coil 
still keeping within limits of satisfactory coil 
operation. 

Number of Coils Required. It would 
seem that the number of coils would de- 
pend principally on the possible sectional- 
ized operation of the system rather than 
on relaying requirements. We are con- 
sidering the installation of two coils on a 
system having at present grounding trans- 
formers at four locations. The two coils 
would be installed in the neutrals of two 
of the grounding transformers and equipped 
with short-circuiting switches. At the 
other two locations, we are proposing to 
simply install neutral grounding switches 
with suitable automatic control equipment 
to operate similarly to the short-circuiting 
switches used with the Petersen coils. 

Accessory Equipment. ‘The author states 
that if the Petersen coil is placed in the neu- 
tral of a transformer bank used for ground- 
ing purposes only, switching equipment in 
series with the coil can be omitted. We be- 
lieve this is somewhat questionable as it 
might be desirable to use the grounding 
transformer as such during maintenance 
work on the coil, in which event means of 
disconnecting the coil and grounding the 
neutral would be necessary. 

In our installations, we have provided 
an operation counter as well as alarm relay 
and graphic ammeter. We have found 
this advantageous as the chart speed of 
the ammeter is not great enough to separate 
the lines drawn by successive operations. 
For instance, in a recent storm we had five 
operations of a Petersen coil within a period 
of 12 seconds. In this particular case, an 
operator happened to be watching the am- 
meter and saw the five operations of the 
needle, which indicated different values of 
current for each operation although there 
was only one line registered on the chart. 
The counter recorded all five operations. 

Part II—System Analysis and Computa- 
tions—by F. Von Voigtlander. Our only 
comments on Mr. Von Voigtlander’s very 
instructive paper are in the nature of 
operating results, as follows: 

The Metropolitan Edison Company has 
installed three Petersen coils—one at 
Reading, Pa., one at Middletown, Pa., on its 
66-kv system, and one at Holtwood, Pa., 
on the system of the Pennsylvania Water & 
Power Company, with whom they are inter- 
connected. These coils operate on a total 
of 308 miles of circuit and are tuned for 112, 
95, and 101 miles, respectively. They were 
placed in operation in October 1937, and 
up to June 16, 1938, the record is briefly as 
follows: Total faults on 66-kv system—72. 
Transient faults—64, or 89 per cent of 
total. Transient faults cleared by Peter- 
sen coils—50, which is 78.2 per cent of all 
transient faults, or 69.5 per cent of all faults 
on the 66-kv system. 

Field Tests. Staged tests were made on 
this system under various conditions, the 
worst case being with 25 per cent of the 
lines for which the coils were tuned dis- 
connected but with no retuning of the coils, 
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We have 


These tests were made by establishing an 
are to ground across a string of suspension 
insulators by means of a fuse, and were in 
all cases successfully cleared within times 
ranging from one-half cycle to seven cycles. 
In recent storms, lightning flashovers have 
also been successfully extinguished with as 
much as 25 per cent of the line mileage for 
which the coils were tuned disconnected. 


A. W. Gothberg (Public Service Electric 
and Gas Company, Newark, N. J.): In 
the paper by W. C. Champe and F. Von 
Voightlander on “System Analysis for 
Petersen Coil Application,”’ it is stated that 
in considering the installation of Petersen 
coils it should be kept firmly in mind that 
they have no effect on phase-to-phase faults 
as such. 

This limitation is a severe handicap to 
an effective installation of a Petersen coil 
on a system having an appreciable amount 
of wood-pole transmission. Figures have 
been published indicating that as many as 
75 per cent of the faults on a transmission 
system are phase-to-phase and as many as 
85 per cent of all faults are due to lightning. 
This clearly indicates that lightning is 
causing a majority of all faults and on wood- 
pole lines it is admitted that most of them 
result in phase-to-phase faults. 

A paper has been published in the January 
1937 issue of ELECTRICAL ENGINEERING 
entitled ‘‘Lightning Protection for Trans- 
mission Lines,’’ in which a wood-pole-line 
design was presented which eliminated or 
reduced the number of phase-to-phase faults 
due to lightning. Although this , design 
used lightning-protector tubes on one phase 
of a three-phase line, it can be made par- 
ticularly applicable to a system using a 
Petersen coil by simply substituting a suit- 
able gap for the lightning-protector tubes. 

In brief, it would consist of making one 
phase of each circuit a shielding conductor 
by locating it so that the remaining phases 
will be shielded from direct lightning strokes. 
Lightning currents could be drained from 
the shielding conductor by means of suit- 
able gaps connected to ground. This 
would result in a single-phase fault which 
could be cleared by a Petersen coil. The 
remaining phases could be isolated from 
the shielding conductor and the gap ground 
circuits by insulation sufficient to prevent 
phase-to-phase faults. On  double-cir- 
cuit lines, gaps could be installed on the 
two top shielding conductors. It is im- 
portant that the same phase of each cir- 
cuit be on the top arm so that in the event 
of a stroke involving the two top conduc- 
tors, a phase-to-phase fault does not re- 
sult. Methods of determining the amount 
of insulation required on the pole top and 
the frequency of the gaps along the line 
can be found in the paper mentioned 
above. 

Limited experience with this type of 
construction has shown its ability to 
eliminate phase-to-phase faults. 

This proposed design of wood-pole line 
should make the effectiveness of a Peter- 
sen coil on a wood-pole line approach or 
equal to the effectiveness of a Petersen coil 
on a steel tower line equipped with ground 
wires. It would overcome one of the most 
serious limitations in the application of a 
Petersen coil to a system having wood- 
pole transmission. 
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). Hardaway (Public Service Company 
olorado, Denver): The authors have 
presented in convenient and useful form, 
nethods for making basic calculations for the 
application of Petersen coils to transmission 
ystems. They mention the possibility of 
unsuccessful coil operation due to corona 
current when applied to high-voltage 
‘systems operating with small conductors 
or at high altitude. In this connection 
it would be of interest to have stated the 
maximum values of corona current which 
are being successfully interrupted by Peter- 
sen-coil operation. On the Colorado 100- 
kv system, fault currents of from 20 to 
25 amperes are quenched without difficulty, 
and North and Eaton report fault currents 
of from 38 to 50 amperes on the Michigan 
140-kv installation (Etec. ENG., vol. 53, 
page 67). It appears improbable that 
these values will be greatly exceeded on 
other systems. 

The authors have called attention to the 
difficulty in properly relaying an isolated 
neutral system for single-phase faults to 
ground. Solidly grounding, with the addi- 
tion of proper relays, will usually solve this 
problem. However, the application of a 
Petersen coil may be materially less ex- 
pensive than this remedy, and has the 
further advantage of improving continuity 
of service. Also it appears that the Peter- 
sen coil eliminates the excessive harmonic 
overvoltages frequently present under arc- 
ing ground conditions on isolated-neutral 
systems. 


E. M. Hunter (General Electric Company 
Schenectady, N. Y.): Continued interest 
is being shown in the Petersen coil as a 
service-protective device. At the last win- 
ter convention it was reported that there 
were seventeen coils in the United States, 
the majority of which have been applied in 
the last year or so. In the last few months 
seven more applications have been made, 
bringing the total to 24. Naturally, some 
application and operating experience is 
now available on these protective devices 
and this experience is the basis of the 
comments prepared on this paper. 


IN-PHASE COMPONENT OF FAULT CURRENT 


In part I of the paper it is stated ‘‘The 
in-phase component must be carefully 
checked to make sure that it will not be 
large enough to maintain the arc readily 
and prevent extinction by the Petersen 
cou. 

I am sure it would be of interest if the 
authors would give their views on the 
magnitude of the in-phase component of 
fault current beyond which it would be 
undesirable to apply Petersen coils. 

Although system analysis and operating 
experience on existing installations is 
limited, it indicates that on medium-voltage 
systems (66 kv and below), the in-phase 
component of the fault current should not 
exceed 20 to 25 amperes. This relatively 
low value of current apparently does not 
maintain the arc. This is likewise true on 
high-voltage systems (110 kv and above) 
unless the system has considerable corona 
loss. When there is corona and the system 
is extensive, then the in-phase component 
of current may be a problem, although in 
all of the applications made to date, suc- 
cessful are extinction has been reported 
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with in-phase components of current up to 
50 amperes. It appears that the in-phase 
component of current need only to be con- 
sidered if there is corona, 


SyYsTeEM OVERVOLTAGES 
Durine Grounp Fautts 


In part II of the paper, an analysis is 
made of the overvoltages on a system 
(Figure 1, part II) with and without a 
Petersen coil in the neutral. It shows that 
with a ground fault on one of the phases at 
a point in the system adjacent to the 
station where the Petersen coil is located, 
the voltage to ground on the two healthy 
phases increases with distance from the 
fault point. The magnitude of these 
voltages is summarized in table II, part IT. 

Referring to this table, it is seen that the 
voltages with the Petersen coil increase 
approximately nine per cent above the 
system line-to-line voltage at a point 150 
miles away from the fault. Since the 
calculations from which these voltages 
were derived neglects load current, they 
undoubtedly represent maximum values. 
Inductive reactive load current would, in 
general, have a tendency to reduce these 
voltages. It should be noted that they do 
not exceed the maximum permissible line- 
to-ground voltages recommended for pro- 
tective equipment on such a system. Also, 
they are lower than if the neutral were 
free. These voltages would also be lower 
if the Petersen coil had been located at 
station B instead of a station A. System 
analysis has shown and operating ex- 
perience has verified the fact that when 
overvoltages in remote sections of the 
system away from the ground fault are 
likely to be excessive, several coils cor- 
rectly placed in the system will limit these 
overvoltages to reasonable values. 

It is interesting to note that overvoltages 
at the point of fault with the system neutral 
isolated are much higher than if the neutral 
were grounded through a Petersen coil. 
For example, on this system of figure 1, 
part II, the voltages at station D for ground 
faults at station D have been calculated for 
the condition of (1) the system neutral 
isolated at A, (2) the system neutral 
solidly grounded at A, and (3) the system 
neutral grounded through a Petersen coil 
at A. This study has been made with all 
three generators in service and also with 
only one generator in service. The results 
of this study are summarized in table I. 


Table | 
Voltage Neutral Neutral Petersen 
to Ground Isolated Grounded Coil 


Three Generators in Service 


PRaAse ER fis oe BE EV ete CE ea aa necoo bY 

Phase: V5.5 a AVE ints aes Oo EV sha5 2300 BY 

PHASe Lie ie const ORF ilies rena DS ee cara sid 0 
One Generator in Service 

Phaset X.\ Sask BANE aero QU ev oe io 33 kv 

Phaser’ gS adie seb Vices ve OO EV ia eb 33 kv 

Phase Z...... (UN era aS Ay Ps asap ts 0 


With only one generator in service and 
the neutral isolated, the voltages are 
relatively high. This may be explained by 
the fact that on this system a condition of 
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partial series resonance is obtained. It 
should be noted that with the Petersen coil 
in the neutral, the voltages on the two 
healthy phases do not exceed the system 
phase-to-phase voltage. 

The authors also mentioned high transient 
overvoltages on the system at the time a 
ground fault occurs. I would like to have 
the authors’ comment on this further and 
possibly show how these overvoltages 
occur and how they may be calculated. 
Experience indicates that if these over- 
voltages do occur, they are of a very short 
time duration, so short in fact that they do 
not record on a magnetic oscillograph. The 
magnitude also must well be within the 
limits of insulation strength of connected 
apparatus because there is no indication 
that they do any appreciable damage. 


ACCURACY OF CALCULATIONS 


The authors state that their system 
analysis gives results which can be sub- 
stantiated by tests within a ten per cent 
error. The experience available to date 
on Petersen coil applications leads to the 
conclusion that the methods used by the 
authors are not necessarily that accurate. 

For example, the in-phase component of 
current for the system analyzed in part II 
of the paper has been calculated by the 
authors to be 0.99 ampere. Experience 
on 11 388-kv applications of Petersen coils 
leads me to believe that this particular 
system would have an in-phase component 
of current between ten and 15 amperes. 
This would result from leakage on apparatus 
and also harmonics which appear to have 
been neglected or omitted from the authors’ 
calculations. This current would vary 
with the weather, the higher value being 
noted during stormy periods. 

With regard to the charging current in a 
ground fault which must be compensated 
by lagging current in the Petersen coil, 
the experience previously mentioned indi- 
cates that this system should have between 
42 and 46 amperes instead of the 34 am- 
peres given by the authors for charging 
current for the 210 miles of line. Pos- 
sibly this discrepancy may be explained by 
the fact that in their calculations they have 
calculated only the zero sequence capacity 
of the transmission line alone and have 
made no allowance for the capacitance or 
apparatus, insulators, bushings, poles, etc. 
These other effects have a tendency to 
increase the charging current, making it 
higher than the current given by the 
formulas used by the authors. 

As suggested by the authors, measure- 
ments to substantiate calculations of 
charging currents are advisable when ex- 
perience is limited. 


W. W. Lewis (General Electric Company, 
Schenectady, N. Y.): Messrs. Champe and 
Von Voigtlander give a very useful sum- 
mary of the conditions that should be con- 
sidered in the application of Petersen coils. 
I am especially interested in their discus- 
sion of the accuracy of computations on 
pages 14 and 15 of the preprint and wish 
to comment briefly on this feature. 

If the tests are made carefully and all the 
conditions are known, and if the calcula- 
tions are accurately made for the same eon- 
ditions as existed in the tests, then the 
results of the tests and calculations should 
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certainly check. However, usually it is 
not possible to know all of the conditions of 
either test or calculation sufficiently well to 
obtain better than an approximate check. 
A couple of examples will illustrate this 
point. 

When the Public Service Company of 
Colorado were considering the application 
of a Petersen coil on their Shoshone-Denver 
line, we made some calculations, assum- 
ing the average spacing of the conductors 
to ground as the height at the towers 
minus two-thirds of the sag. This is 
probably a fair assumption for level 
stretches, but as much of this line is in the 
mountains and spans from hill-to-hill over 
gulches and canyons, the average height 
obtained from a profile by planimeter 
would probably be considerably greater 
than the height assumed. Allowance was 
made for the increase in capacitance due to 
corona and account was taken of the 
capacitance of the line insulators, appara- 
tus, bushings, disconnecting-switch insula- 
tors, and transformer windings. The cal- 
culated fault current was 92 amperes 
capacitance current and 95 amperes in- 
cluding in-phase current due to corona, 
but neglecting harmonics, for the approxi- 
mately 187 miles of line. The power 
company then made some tests in which 
the neutral was isolated and one conductor 
grounded. Fault current to ground and 
voltages to ground were measured with 
oscillograph, ammeter, and voltmeter. Tests 
were made at three different points on the 
system, namely, at the Denver and Sho- 
shone ends and at an intermediate point, 
Leadville. Reduced to the same voltage 
basis of 95,000 volts, these tests showed, 
respectively, fault currents of 123, 101, and 
137.5 amperes for the approximately 187 
miles of line. 

Finally, when the Petersen coil was put 
into operation, the Petersen-coil currents 
for ground faults at Leadville and Denver 
were measured at the tuned setting of the 
coil (“Test and Operation of Petersen Coil 
on 100-Kv System of Public Service Com- 
pany of Colorado,” by W. D. Hardaway 
and W. W. Lewis, ELECTRICAL ENGINEER- 
ING, June 1938, pages 295-302). The 
readings were 98 and 96 amperes, respec- 
tively. Thus the calculations checked 
fairly closely the measured Petersen-coil 
current but did not check at all well the 
measured ground fault current. 

In another case, a single-circuit 115-kv 
line with two ground wires was tested. 
The line was opened up at both ends by 
disconnecting switches. Low-tension 
single-phase voltage was placed on the 
open-circuited line between the three con- 
ductors in multiple and ground. Voltage, 
current, and watts were read. From these 
readings the zero-sequence capacitance 
of the line was found to be 0.211 micro- 
farad. The capacitance of the conductors 
was calculated, assuming an average spac- 
ing to ground equal to the height of the 
conductors at the towers minus two-thirds 
of the sag. This capacitance, added to 
that of the line insulators and disconnect- 
ing-switch insulators, and assuming no 
corona, gave a total zero-sequence capaci- 
tance of 0.172 microfarad. In this case 
the tested capacitance was 22 per cent 
higher than the calculated. 

Either Mr. Hunter or I have made calcu- 
lations for all of the Petersen coils that have 
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been installed in this country and have 
made ground-fault tests after installation 
in most cases. From these tests we have 
worked out the empirical relations shown 
in figures 1 and 2, for single-circuit lines. 
These relations can be used as a guide in the 
selection of Petersen coils. 


P. A. Jeanne (Bell Telephone Laboratories, 
Inc., New York, N. Y.): I have been quite 
interested in the recent activity in the ap- 
plication of Petersen coils in this country, 
particularly as it has been my privilege, 
as a member of project committee 2/ of 
the joint subcommittee on development 
and research of the Edison Electric In- 
stitute and Bell System, to participate in 
studies of current-limiting devices, in- 
cluding the tests on the first of the more 
recent Petersen-coil installations in this 
country, made in 1931. I think that Mr. 
Champe and Mr. Von Voigtlander have 
brought out quite well most of the features 
requiring consideration in the application 
of Petersen coils. The comments which I 
have on the paper are made chiefly from 
the standpoint of clarifying certain ideas. 
In the introduction to Mr. Champe’s 
paper (advance copy), the statement is 
made that with a Petersen-coil system the 
inductive reactance, most of which will be 
in the Petersen coil or coils, will be approxi- 
mately equal to the capacitive reactance of 
the two unfaulted conductors to ground. 
I think this statement requires modifica- 
tion because one might assume from it that 
the proper reactance for the Petersen coil 
would be one determined from the sum of 
the direct capacitance to ground of the 
sound phases, while in fact it is determined 
from the sum of the direct capacitance to 
ground of all three phases. I think per- 
haps the author had in mind the fact that 
in a Petersen-coil system the charging 
current of the two sound phases equals the 
Petersen-coil current, a fact which might 
readily lead to the statement cited. Per- 
haps I can make this clear by reference to 
figure 3. Figure 3(a) represents a balanced 
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three-phase power system grounded through 
a reactor and with a fault on phase A. 
Now if the only voltage in the system were 
that in phase A we could immediately see 
that for minimum current in the fault the 
neutral reactance should just equal in 
magnitude the capacitive reactance of the 
two sound phases to ground, as that would 
provide the parallel resonant condition 
sought. However the presence of the 
voltages H, and E, in the sound phase 
branches subjects them to higher voltages 
to ground than that across the reactor and 
the requirement for resonance is not im- 
mediately apparent. Now by a well- 
known theorem, the current in a particu- 
lar branch of a network can be determined 
if an electromotive force equal to that 
which would exist across an open circuit 
in that branch is introduced into the branch 
and the other voltages in the system sup- 
pressed. If we apply this idea to the 
circuit under consideration, as in figure 
3(6), the current in the fault branch will 
be the same as it would be with the regular 
voltages impressed as in figure 3(a). It 
can be seen immediately that, in the cir- 
cuit of figure 3(d), the direct capacitances- 
to-ground of all three conductors are in 
parallel with the reactor, so that to secure 
the parallel resonant condition desired, the 
reactance of the Petersen coil must be 
made equal in magnitude to the capacitive 
reactance of the sum of the direct capaci- 
tance to ground of all three conductors. 
The same thing could of course be shown by 
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olving the network of figure 3(a) for a 
value of reactance which would make the 


current through the reactor equal to the 


vector sum of the charging currents of the 
two sound phases. The authors have used 
the proper capacitance in their calculations 
and it is only the statement in the early 
part of the paper that I feel needs modifica- 
tion. 

The second comment I have applies to the 
discussion of overvoltages under funda- 
mental frequency conditions. While I 
agree that on an extensive Petersen-coil 
system the voltage at points remote from 
the fault may exceed line-to-line voltage, 
I think it should be made clear that the 
type of voltage rise the authors discuss is 
not peculiar to a Petersen-coil system. 
The effect is the well-known tendency of a 
long line, energized to ground at the send- 
ing end and open at the receiving end, to 
show a rise in voltage at the open end. If 
the eflect is sufficiently large in the case of 
a Petersen coil installation to require 
attention, it would also probably require 
attention if the same system were grounded 
at the same point in any other manner. 
For example, if the system were solidly 
grounded at one point only, the voltage 
rise at points remote from the ground 
might be sufficient to prevent its being 
treated as a solidly grounded system. In 
this conection it is interesting to note the 
tendency of a Petersen coil to establish, at 
the point of fault, line-to-ground voltages 
on the two sound phases which are equal to 
each other and no greater than line-to-line 
voltage, a condition which other types of 
neutral impedance may fail to accomplish. 
Figure 4, prepared for the system assumed 
in part II of the paper, illustrates the point 
I wish to make. At the upper left is 
indicated a neutral resistance grounded 
system. If, for the sake of convenience, 
we assume that the neutral remains fixed 
and allow the point representing the earth 
to shift with varying voltage drop through 
the resistor, we can conveniently represent 
the variation in the line-to-ground voltages 
of the sound phases. As the neutral 
resistance is varied, the point representing 
the earth moves along the circular locus in 
the diagram in the lower left, and the 
potentials to the sound phases are measured 
from the point on the are corresponding to 
the value of resistance for which the voltages 
are desired. This diagram shows quite 
clearly that with neutral resistance ground- 
ing, the line-to-ground voltages of the 
sound phases are unequal and one of them 
may considerably exceed the line-to-line 
voltages, as in the case of phase-C voltage 
when the neutral resistance is 125 ohms. 
In the right half of this figure are shown the 


tCo 
Cc 
i meee Oe 
Se an ae es 
1s 1° 


Ha 
30 OHMS / Fcg™ |95Ec 30 OHMS 
oy £60 OHMS 
60 OMSK, “JE 125 OHMS 
125 OHMS 4559 (Xp) 


a 
A— RESISTANCE GROUNDING B-REACTANCE GROUNDING 


Figure 4. Neutral grounding devices 


DECEMBER 1938, VOL. 57 


corresponding diagrams forreactance ground- 
ing. It is seen here that as the reactance 
increases, the locus for the ‘‘earth” remains 
very close to the vector Ey, and that the 
line voltages do not depart very much 
from balance. In the particular example, 
the actual departure is even less than shown 
by the diagram which was distorted some- 
what for the sake of clarity. In some 
types of systems, however, the unbalance 
may be considerably greater. It is seen 
that as the value of reactance approaches 
that required for a Petersen coil, the un- 
balance tends to decrease, and when it is 
at the value corresponding to the Petersen 
coil the line-to-ground voltages are essen- 
tially balanced and equal to line-to-line 
voltage. This is an effect typical of the 
Petersen coil, and except as propagation 
effects on long lines may come into play, 
Petersen coils tend, under fault conditions, 
to maintain line-to-ground voltage on 
sound phases substantially equal to line- 
to-line voltage. 


S. B. Griscom (nonmember; Westinghouse 
Electric and Manufacturing Company, East 
Pittsburgh, Pa.): The authors have pre- 
sented very interesting papers on operating 
features and computation of Petersen coils. 
In part I, under ‘‘Effect of System Opera- 
tion,’’ some of the pros and cons concern- 
ing the application of coils are given. It 
seems to me that under this heading a few 
other factors should be pointed out. One 
of these for lack of a better term will be 
called “adaptability to interconnection.” 
Power systems having various types of 
grounding (solid, resistance, or reactance) 
may be metallically connected together 
with but slight changes in the relaying in 
the vicinity of the tie-in point. With a 
Petersen-coil-equipped system, however, 
it is necessary that both systems be equipped 
with the coils, or else use isolating trans- 
formers or their equivalent in making the 
connection. Thus, all new additions to the 
system or future interconnections may 
require the installation of additional equip- 
ment. The desirability for Petersen coils 
should also be considered in relation to the 
fact that American practice usually pro- 
vides multiple feeds to important loads to 
insure continuity not only for transitory 
but also prolonged faults in case of physical 
line trouble. The trend toward higher 
relay and breaker speeds has greatly 
minimized the shock to the system for 
faults. A ground fault, unless very close 
to a full capacity solidly grounded trans- 
former is inherently less severe than a 
phase-to-phase fault, and very much less 
severe than a three-phase fault, and the 
latter must be provided for in any case. 

The information given under “‘Accuracy 
of Computations,” part II, is very in- 
teresting. In view of the observed fact 
that calculated admittances are always 
lower than test data, I am wondering 
whether the authors have been able to 
trace this discrepancy to any commonly 
neglected factors, such as capacitance of 
insulator strings, height of vegetation, etc. 
I understand that in some cases, systems 
operating Petersen coils have found it 
necessary to change the compensation due 
to growth of corn, or the occurrence of a 
heavy snowfall. In the latter case it 
would appear more likely that snow or 
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sleet on the conductors would be more 
effective in changing the zero-sequence 
capacitance, than a nominal depth of snow 
on the ground. The writer would like to 
ask whether any such effect has been 
noticed on the portion of the Consumers 
Power 140-kv system that is Petersen- 
coil equipped. 


W. C. Champe and F. Von Voigtlander: 
Mr. A. W. Gothberg has suggested the 
use of a suitable grounded gap to bridge 
the insulator of the top conductor of a wood- 
pole line so that this conductor would act 
to shield the other two from high induced 
potentials. The resulting single-phase fault 
to ground of the combination conductor 
and shield wire, when discharging a high 
potential, would be cleared by the Petersen 
coil. A similar plan has been advanced by 
the authors and others, and also the possi- 
bility of reducing the insulation of the top 
conductor on steel tower lines without 
ground wires has been considered on sys- 
tems equipped with Petersen coils. Though 
the authors have not had the opportunity 
of observing such schemes in actual use, 
it would appear that they would be rather 
successful in reducing line outages due to 
lightning and that they would greatly ex- 
tend the field of usefulness of Petersen coils. 

While on highly insulated wood-pole lines, 
lightning outages may be predominantly 
phase-to-phase faults, the fact still remains 
that there are thousands of miles of moder- 
ate voltage wood-pole lines in this country 
on which transitory ground faults are an 
appreciable proportion of the total faults 
experienced. This ratio of transitory 
ground faults to total faults becomes an 
important criterion for successful Petersen- 
coil installation. A ratio of transitory 
ground faults to total faults of as high as 
50 per cent is not at all uncommon, particu- 
larly on lines of older construction. On 
such lines Petersen coils have proved 
eminently effective. 

Mr. Griscom has suggested a factor aptly 
called by him ‘‘Adaptability to Intercon- 
nection,’”’ which is an important considera- 
tion in the application of Petersen coils to 
systems which may be switched onto other 
systems not so equipped. Where it is 
necessary to switch a Petersen-coil-equipped 
system onto such other systems, the switch- 
ing must be done through transformers 
having a high zero-sequence impedance, if 
the effectiveness of the Petersen coils are to 
be retained, unless the interconnected 
system is non-grounded and is within the 
tuning range of the coils. 

Mr. Griscom asked regarding the effect of 
the height of vegetation, increased conduc- 
tor diameter due to snow or sleet, occurrence 
of heavy snowfalls, etc., on the tuning of 
the Consumers Power Company’s 140-kv 
Petersen-coil system. While these factors 
have an effect on the system admittance to 
ground, such effects have not been observed 
to an extent sufficient to warrant retuning 
of the coils. 

Messrs. Griscom, Hunter, and Lewis 
have commented on the accuracy of compu- 
tations and on the fact that the observed 
values of system admittance to ground have 
always been found to be greater than calcu- 
lated values. From the tests and calcula- 
tions which have been made, the effects of 
height of vegetation, capacitance of insulator 
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strings, etc., have not been found to be 
sufficient to account for these differences 
between observed and calculated admit- 
tances. 

In the authors’ experience, the quadra- 
ture components of fault current have been 
consistently predicted within ten per cent of 
measured values. In such calculations, the 
system admittances have been increased ten 
per cent above the values computed by 
standard methods, since, as pointed out in 
the paper, the authors have found the 
measured values to be consistently ten per 
cent greater than those calculated on the 
systems with which they are familiar. In 
the example in the paper, this ten per cent 
increase in admittance was not made, as 
experience on other systems may show a 
somewhat different relation between meas- 
ured and calculated admittance. The 
quadrature component of fault current was 
calculated in the example as 34 amperes. 
With the admittance increased ten per cent 
this current component becomes 388 am- 
peres, which could be expected to be within 
ten per cent of the measured value on the 
basis of the authors’ experience and about 
13 per cent on the basis of Mr. Hunter’s 
experience. The discrepancy between the 
measured and calculated total ground fault 
current in the Colorado example cited by 
Mr. Lewis can probably be ascribed to the 
magnitude of the in-phase components, 
since the measured and calculated quadra- 
ture components checked quite well. It is 
hoped that further investigation into the 
differences between calculated and measured 
values of line admittances will be made and 
that the results of such investigations will 
be made available to members of the Insti- 
tute. As observed in the paper, the com- 
putation of the in-phase components is sub- 
ject to large error, especially for the smaller 
values, as the effect of the intangibles on 
the magnitude of these components then 
becomes larger than the effect of the 
system resistances. 

Messrs. Hardaway and Hunter have dis- 
cussed the magnitudes of the in-phase 
components of fault current on operating 
Petersen-coil systems. Mr. Hardaway re- 
ports in-phase fault current arcs of from 20 
to 25 amperes are being cleared without 
difficulty on the Colorado 100-kv system, 
and points out that fault currents of from 
40 to 50 amperes are being interrupted on 
the Michigan 140-ky system. The maxi- 
mum values of in-phase component of 
ground fault current which can be tolerated 
for a given system equipped with Petersen 
coils has not been even approximately 
established, to the authors’ knowledge. 
Experience has shown that in-phase transi- 
tory arcs up to 50 amperes are generally 
successfully extinguished, though during 
quiet conditions, such arcs have been known 
to continue for over 800 cycles. Wind and 
weather conditions have a very important 
effect on the behavior of arcs of this sort, 
and in any test to determine the range of 
maximum current which can be extinguished 
wind and weather conditions would have to 
be considered. 

Tests have been made on long and exten- 
sive medium-voltage systems where the 
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resistance to reactance ratio was high but 


corona was no factor, in which sufficiently | 


large in-phase currents were measured to 
make questionable the successful operation 
of Petersen coils. On extensive high-volt- 
age systems where corona was present, in- 
phase components as high as 160 amperes 
have been calculated. However, in the 
majority of systems encountered in practice, 
particularly at voltages under 66 kv, the 
in-phase components are probably of only 
secondary importance. 

Messrs. Hunter and Jeanne made some 
very interesting comparisons of system 
voltages to ground for isolated-neutral, 
grounded-neutral, and Petersen-coil-equipped 
systems. In Mr. Hunter’s tabulation it is 
interesting to note for the case of the iso- 
lated neutral that as the number of genera- 
tors on the system is reduced from three 
to one, the positive- and negative-phase- 
sequence impedances of the system increase 
to a point where they are of appreciable 
magnitude compared to the zero-sequence 
impedance, resulting in considerably higher 
system voltages to ground. Incidentally 
phase-to-phase voltages would also be found 
to be considerably higher than normal for 
the assumed ground-fault conditions. 

Mr. Hunter asked for the authors’ further 
comment on the high transient overvoltages 
coincident with line-to-ground faults. The 
authors believe these transients to be of the 
nature of switching surges, due largely to 
the rearrangement of line capacitances to 
ground incident to the occurrence of the 
fault. As Mr. Hunter observed, these 
transients are of too short duration to be 
accurately recorded on conventional mag- 
netic oscillographs. The authors have not 
carried out any extensive investigation of 
these transients, either mathematically or 
in tests, but have observed what magnitudes 
may be experienced by the use of surge 
recorders or klydonographs on systems dur- 
ing ground-fault tests. Such values as have 
been observed, though of surprising mag- 
nitude, have been found to be well within 
the limits of insulation strength of con- 
nected apparatus and equipment. No 
doubt these transients also are mitigated by 
the Petersen coils. 

Mr. Jeanne observed that the reactance of 
Petersen coils is determined from the direct 
capacitance to ground of all three phases of 
a system, and not from that of only the two 
unfaulted conductors as might be inferred 
from the paper. The authors of course 
agree with this, having the point in mind, 
as Mr. Jeanne mentioned, that the coil 
current is equal to the quadrature com- 
ponent of the charging current of the two 
unfaulted conductors. Mr. Jeanne’s dis- 
cussion and diagrams of these relations and 
the effect of neutral resistance and reactance 
on the system voltages to ground are very 
interesting. They demonstrate the points 
in question very well, and are worthy of 
detailed study by everyone interested in this 
subject. 

The empirical relations which Mr. Lewis 
has shown between the calculated charging 
current and the measured Petersen-coil cur- 
rent, and the relations between the calcu- 
lated capacitance to neutral and the zero- 
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sequence capacitance are based on a very 
wide experience in this field and on a con- 
siderable number of tests. They should, 
therefore, be a useful guide in working out 
these values for any given power system. 

The authors agree with Messrs. Rankin 
and Neidig regarding the use of lightning 
arresters rated at less than line-to-line volt- 
age on Petersen-coil systems. However, 
there appears to be some misinterpretation 
on the matter of permissible lightning- 
arrester ratings, as the point intended in 
the paper was that multiple Petersen coils 
may permit the use of lightning arresters 
with a rating lower than those which might 
be used for a totally isolated system. That 
is, on a totally isolated neutral system, cer- 
tain of the lightning arresters might well be 
required to have ratings considerably in 
excess of that based on normal line-to-line 
voltage, whereas on a system equipped 
with multiple Petersen coils, the rating 
based on normal line-to-line voltage would 
probably be adequate. For example, nor- 
mally on a 33-kv isolated-neutral system, 
37-ky ligntning arresters would be used. 
However, if it were a large and extensive 
system, 43-ky arresters might be required 
at some stations to interrupt high dynamic 
overvoltages. If this system were equipped 
with only one Petersen coil, a number of the 
43-ky arresters might still be required, but 
if it were equipped with multiple Petersen 
coils, the use of 37-kv arresters might well 
be feasible throughout. 

It is presumed that the maximum re- 
corded voltages mentioned as never having 
been found to exceed 1.7 times normal line 
neutral voltage, refer to a system equipped 
with multiple Petersen coils. 

Transpositions are of considerable im- 
portance in a Petersen coil application, as 
their proper use reduces the normal residual 
voltage of the system and thereby limits the 
continual current through the coils and 
restricts neutral displacement during normal 
system conditions. 

The number of coils required on a system 
would be a function of the possible sectional- 
ized operation of the system. Whether or 
not all grounding transformers should be 
equipped with Petersen coils would be a 
matter for individual engineering judgment 
on the system involved. 

Since there is but little maintenance work 
to be done in connection with Petersen coils, 
it would appear difficult to justify any but 
the simplest means of by-passing the coil 
and grounding the neutral. Justification 
for additional equipment would depend 
largely on local conditions. 

The comments of Messrs. Rankin and 
Neidig on the results of operation with a 
66-ky system equipped with three Petersen 
coils show the effectiveness of this installa- 
tion, The results which have been obtained 
with as much as 25 per cent of the system 
for which the coils were tuned, disconnected 
without retuning the coils are interesting, 
particularly as all cases of faults were suc- 
cessfully cleared in comparatively short 
times. 

In closing, the authors extend their ap- 
preciation for the many interesting discus- 
sions of this paper that were submitted. 
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FRLUORESCENCE is a property of 

many substances. It consists of an 
emission of light under excitation by 
_ radiation whose wave length falls within 
a critical absorption band. When the 
emission persists for an appreciable period 
after the existing radiation has been ex- 
tinguished, it is known as_phospho- 
rescence. 

At a low order of brightness fluores- 
cence is encountered in a great number of 
the organic products of our daily life, 
such as seeds, plants, woods, eggs, milk 
products, lubricating oils, print and paper. 
Their emission exhibits characteristic 
features that make it possible to deter- 
mine variations in quality and type.! 
Indeed, fluorescence has even been de- 
veloped as a tool in microchemical 
analysis for the detection and estimation 
of several of the metals as well as of many 
organic compounds.? It appears also 
among many minerals. Especial in- 
terest, however, attaches to artificially 
prepared products. They include solu- 
tions, both liquid and solid, and also solid 
inorganic substances, such as sulfides, 
oxides, tungstates, and silicates. Fluo- 
rescent solids are generally known 
as “phosphors.” 

There are two striking characteristics 
that one notes in surveying the artificial 
products. One notices first that fluo- 
rescence is frequently associated with the 
presence of a foreign ingredient at a 
very low concentration. In inorganic 
phosphors this foreign ingredient is an 
appropriate metal at a concentration of 
one per cent or less. In organic dye 
solutions, which may be either liquid or 
solid, it is a dye at a concentration much 
less than one per cent, with the further 
limitation that that dye shall be one of a 
few whose selection depends upon the 
presence in its molecule of certain de- 
rivatives of benzene. 

This peculiarity of fluorescence as- 
sociated with the presence of a specific 
ingredient at low concentration suggests 
an analogy with the behavior of a vapor 
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or gas at low pressure within an enclosing 
tube. In both cases luminescence re- 
sults by illumination with the light of a 
critical wave length, and in both cases 
the luminescence formed decreases in in- 
tensity as the concentration of the effective 
element is raised, whether it be a foreign 
ingredient in a solid or the pressure of 
gas ina tube. In the case of a gas the 
phenomenon is known as “resonance 
radiation.” The illumination exciting 
it must have a wave length corresponding 
to an absorption band of the gas. In this 
way it induces resonance in the atoms or 
molecules of the gas, exciting them to 
such an extent through the absorption of 
energy that an electron is driven out to an 


outer orbit. The condition for this is 
that 
E = hv 


where E is the energy of a quantum of the 
exciting radiation, and v is the frequency 
corresponding to the wave length at 
which energy can be absorbed to excite 
the atom to resonance. The lumines- 
cence arises from the return of the ex- 
cited electron to its normal orbit, and this 
return is accompanied by an emission of 
energy of the same frequency. Con- 
sequently, the luminescence is of the same 
wave length as that of the exciting radia- 
tion. 

The condition in a phosphor is more 
complex because the basic substance, 
whether solid or liquid, is itself made up 
of atomic groups at a relatively high con- 
centration, and completely enveloping 
the scattered, occasional particles of the 
active ingredient. This characteristic, 
however, is so far from breaking the 
analogy with resonance radiation in a 
gas at very low pressure that it actually 
serves to strengthen it by acting as basis 
for an explanation of the one outstanding 
difference between the two. The ex- 
planation is derived from the second ob- 
servation that becomes apparent to the 
investigator in his endeavor to pick out 
the salient features of fluorescence. It is 
the fact that the fluorescence is not mono- 
chromatic, as that of the exciting radia- 
tion may be, but extends over a broad 
band of the spectrum and, in general, is 
displaced to a position of longer wave 
length than that of the exciting radiation. 
This latter characteristic is known as 
Stokes’ Law. 
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A survey of some characteristic features 
of resonance radiation will serve to bridge 
the gap between it and fluorescence, and 
to demonstrate the basis for the transi- 
tion to the condition described by Stokes’ 
Law. 

The simplest case is that of pure sodium 
vapor at very low concentration—so low 
in fact that the time during which an 
electron stays in an excited state shall be 
less than the time between collision of the 
excited atom with some neighboring 
atom, The luminescence of sodium 
vapor, such as is exhibited in the sodium 
lamp, is made up of the D-line doublet, 
5,890 angstrom units and 5,896 ang- 
strom units. The emission of this 
doublet, as illustrated in figure 1, is 
the result of the return of excited elec- 
trons from two energy levels lying close 
together, the 27P:,, and the 2?Ps/,, to 
the lower normal level 1%S:;,. When 
the vapor is sufficiently low in pressure, 
only one of these lines can be excited as 
resonance radiation by the absorption of 
light of corresponding wave length. 
This is as theory would predict. When, 
however, the pressure is raised to 0.015 
millimeters, corresponding to a tempera- 
ture of 300 degrees centigrade, or when a 
fraction of a millimeter of hydrogen is 
introduced, both lines appear, even 
though the exciting radiation is limited to 
one line. This is due to a collision of 
some of the excited atoms with neighbor- 
ing atoms. Such a shock leads to an 
energy transfer sufficient to throw the 
excited electron into the closely adjacent 
energy level, for the energy difference be- 
tween the two states yielding the doublet 
corresponds to only 0.01 volt. The re- 
sult illustrates for a system as simple as 
sodium vapor how sensitive the character 
of its radiation is to the influence exerted 
by neighboring atoms upon one another, 
even while at a relatively low concentra- 
tion. 

The condition becomes more complex 
for a vapor such as iodine which is in the 
molecular rather than the atomic state. 
In iodine vapor the two atoms constitut- 
ing the diatomic molecule are free to 
vibrate back and forth with respect to 
one another, making various vibrational 
energy states possible. Furthermore, the 
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Figure 1. Energy-level diagram for resonance 


radiation of sodium vapor 


677 


Figure 2. Resonance spectrum of iodine 

vapor, as affected by presence of helium 

(From R. W. Wood and J. Franck, Verh. d. 
D. Phys. Ges., 13, 85, 1911) 


A—No helium 
B—Two millimeters of helium 
C—Ten millimeters of helium 


molecule can rotate about the axis uniting 
its two atoms, thus giving rise also to 
various states of rotational energy. Con- 
sequently, there are not only the usual 
number of electronic energy levels, but 
each one of these levels is subdivided into 
additional ones corresponding to the 
possible vibrational energy states, and 
each one of these is subdivided again into 
a series of rotational energy levels. For 
iodine vapor the case is rendered so com- 
plex by these features that its pure reso- 
nance spectrum no longer consists of a 
single line but of a succession of doublets. 

A more significant feature, however, is 
shown by an increase in pressure sufficient 
to lead to collision of excited iodine mole- 
cules with neighboring molecules. The 
resulting energy interchange is such as to 
shift the excited electrons to adjacent 
vibrational and rotational states. Con- 
sequently, when the electrons return to 
their normal orbit, it will no longer be by 
a succession of definite, specific jumps, 
leading to an emission of clear-cut dou- 
blets, but rather by jumps of variable 
magnitude, the energy of each of which is 
determined by that of the abnormal ex- 
cited state attained in the collision. 
These states are so close together that the 
resulting emission can no longer be re- 
solved into lines, but appears as con- 
tinuous radiation arranged as bands at 
the location of the expected doublet. 
There is still another effect associated 
with high pressure. As the result of 
collision, the excited electron itself loses 
energy on its return to the normal orbit, 
leaving a smaller amount available for 
emission as light. Consequently, the 
emission is displaced toward the red. 
Both of these effects, so characteristic of 
fluorescence, the broadening of the 
emitted radiation and its displacement 
toward the red, were produced in the 
resonance spectrum of iodine vapor by the 
introduction of helium, as well as by in- 


678 TRANSACTIONS 


creases in the vapor pressure of the 
iodine,’ as shown in the photographs of 
figure 2. 

These observations on resonance radia- 
tion illustrate how complications arise 
even in the gaseous state, as one passes 
from a monatomic to a diatomic vapor 
and from very low pressures to pressures 
of a few millimeters. It can, therefore, 
be readily comprehended that, as the 
concentration of atoms and molecules is 
still further increased to such a point 
that their condition becomes that of a 
liquid or a solid, the mutual interplay of 
forces between them will become much 
more intricate and involved, and their 
effect still more pronounced on the char- 
acter of the emitted light. The theoreti- 
cal development in recent years has, in 
fact, shown that the energy states in a 
solid can no longer be represented by a 
few lines of discrete energy values, as in 
a monatomic gas at low pressure, or even 
by large groups of lines corresponding to 
the vibrational and rotational states of a 
diatomic gas. The interplay of forces 
between atoms as contiguous as in a solid 
is so manifold that each group of elec- 
tronic levels becomes packed with many 
lines and develops into what is virtually 
a continuous band of energy. This con- 
dition is illustrated in figure 3 by contrast 
with that for a vapor already brought out 
in figure 1. A detailed discussion of the 
situation is given in a recent review by 
Seitz and Johnson. 

In figure 3 two such bands are shown. 
The lower one represents the outermost 
energy state under normal, unexcited 
conditions. The upper is referred to asa 
“normally empty band.” It represents 
the energy state into which an electron 
would be driven if excitation could occur. 
In solids which are insulators at room 
temperature, the bands are so far apart 
in energy content that the available proc- 
esses for excitation are insufficient to 
raise an electron from the filled band to 
the upper unfilled one. The case be- 
comes different, however, if in some way 
a localized state may be inserted between 
the two bands. Such a condition is 
produced for instance when a _ small 
amount of an impurity is dissolved in 
the crystal. Some of the energy states 
of this impurity will of course fall within 
the normal banded levels of the solid, 
but under appropriate choice the upper- 
most filled level of the impurity will ap- 
pear as a discrete, localized state, lying 
above the filled band of the crystal, as 
shown in figure 3. Its position with 
reference to the upper unfilled band of the 
solid, can be assumed to be such as to 
allow of excitation under radiation of ap- 
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propriate wave length, causing an elec- 


- tron to make the jump from this localized 


level into the unfilled band. The con- 
sequence will be that an emission of 
fluorescence will occur, associated purely 
with this impurity atom. The excited 
electron will descend by a series of thermal 
interchanges to the bottom of the un- 
filled band. Consequently, the energy 
emitted by its return from this point to 
its normal state will be lower than the 
energy of excitation, and the resulting 
fluorescence will be displaced toward 
longer wave lengths. 

Complicating features due to the 
proximity of neighboring atoms of the 
solid have the effect of broadening the 
emission into a band. The cause of this 
effect, as well as the extention to longer 
wave length, can be more clearly dis- 
cerned by consideration of the Franck- 
Condon Principle. 

In the diagram of figure 4 the abscissae 
denote the distance between an atom of 
the foreign metal and, for simplicity’s 
sake, one of its neighbors. Due to ther- 
mal vibrations and under the alternate 
forces of attraction and repulsion, the 
distance between the atoms will vary 
periodically so that the potential energy 
may be represented by the ordinates of 
the two curves, N for the normal condi- 
tion of the metal atom, and £ for its 
excited state. Consider that the vibra- 
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Figure 3. Energy bands for a solid 
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Figure 4. Excitation and emission of a phos- 
phor according to Franck-Condon Principle 
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Table I. Fluorescence of Rhodamine B 
at’ Various Concentrations in Cellulose 
Acetate Films 


ee _" 


Yield of 
Peak Fluorescence 
Wave Length (Per Cent 
Molar Fluorescence of Radiant 
Concentration (Angstrom Units) Energy) 
ACLORO RS occ. : CELE Sha a et 5.4 
(UU Ra, oH ee GrOS0 tata 28.3 
MCLOV SAN chicane aac GO00h neers 44.0 
SLO) ES Mek cas Oi 220 seca ee 4.6 


tion is such as to lead to maximum os- 
cillations between the points C and A. 
The Franck-Condon Principle prescribes 
that the time of excitation is so short as 
compared with the time of vibration that 
a transition from the lower to the upper 
level will take place along a vertical line, 
such as CC’. While in the excited state 
vibrations will continue between points 
of equal potential energy, such as C’ and 
A’. As the duration of the excited state 
persists over a finite time, the return of 
the electron to its normal position may 
be represented as occuring from any posi- 
tion along the curve E between the points 
C’ and A’. It is an inherent feature of 
the Franck-Condon Principle that the 
curves E and N shall have the different 
shapes shown in figure 4 as representative 
of the difference in the interplay of forces 
between an atom and its neighbors, de- 
pending upon whether the atom is in the 
normal or excited state. Consequently, 
the energy emitted by the return of the 
electron will not be equal to the energy of 
excitation, represented by the line CC’, 
but will have a succession of lower energy 
values depending upon the point on curve 
E from which its return starts and ex- 
tending as low as the transition A/a. 
Such a process would therefore yield a 
continuous band of emitted fluorescence 
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WAVE LENGTH—MILLIMICRONS 

Figure 5. Absorption and emission spectra 

of potassium bromide activated with 0.003 

per cent thallium (From W. von Meyeren, 
Z. Phys., 61, 321, 1930) 


DECEMBER 1938, VOL. 57 


extending to longer wave lengths than 
that of the exciting monochromatic 
radiation. This viewpoint has been 
given quantitative treatment by Seitz® 
for the case of the halide phosphors, de- 
veloped experimentally by the school of 
Pohl and Gudden.® 

It has been convenient to visualize the 
localized state as one induced by the 
presence of an impurity atom. It is 
conceivable, however, that it might be 
realized in other ways leading to ir- 
regularities in the lattice, such as by de- 
partures from stoichiometric proportions 
in the composition of the solid, by a 
low concentration of an allotropic form 
of the solid, by the dispersion of the active 
molecules in a solution, or by their ad- 
sorption in dispersed form on a solid. 
In the discussion that follows of various 
types of fluorescence, the question is to 
be kept always in mind—what is the 
feature that serves as source of fluores- 
cence by introducing a foreign condition 
into a solid or liquid? 


Fluorescent Organic Bodies 


There are many organic compounds 
which exhibit a low fluorescence. Ben- 
zene can be taken as an example. Asa 
vapor it can be excited by illumination to 
yield a purely resonance radiation, also 
termed fluorescence, consisting of a 
succession of narrow bands arranged in 
groups. At closer proximity of its mole- 
cules, such as in the solid or liquid con- 
dition at zero degrees centigrade or in 
solution in alcohol, the subsidiary bands 
of a group agglomerate into a broad band, 
and these bands become displaced 
toward longer wave lengths, a trend that 
becomes still more pronounced as the 
concentration of a solution is increased. 
The same observation has been made for 
all aromatic substances studied, as well 
as for benzene, namely, that the fluores- 
cence bands are displaced to longer wave 
lengths as the physical state is changed 
from a vapor to a liquid or solid solution.” 
The results serve again to illustrate the 
transition from pure resonance radiation 
to fluorescence, involving the broadening 
of bands and the shift in wave length 
that are consequences of slight increases 
in concentration. In this type of sub- 
stance the active group seems to be the 
molecule itself of the compound, for the 
fluorescence is virtually extinguished at 
such high concentrations as are present in 
a pure liquid. It appears at its best in 
dilute solutions or in an adsorbed film at 
high dispersion on cellulose or silk fibers. 
Variations in the character of this type of 
fluorescence have been particularly ap- 
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Figure 6. Absorption and fluorescence spectra 
of rhodamine in alcohol solution (From A. 
Poristky, Journ. Frankl. Inst., 197, 527, 1924) 


plied by Haittinger to a system of or- 
ganic analysis.” 

A much higher intensity of fluorescence 
is exhibited by certain of the organic 
dyes. It appears only in liquid and solid 
solutions, and is completely absent in 
the pure, solid dye. Rhodamine can be 
taken as a typical example, especially 
because it was one of the first to be con- 
sidered for commercial application in 
fluorescence from a proposal made by 
Cooper-Hewitt.’ Its fluorescence can be 
excited by the ultraviolet, but is more 
generally excited through radiation with 
green light lying within the range of its 
absorption band. The relation between 
this band and the fluorescence is brought 
out in figure 6. Each is seen to be 
roughly the mirror image of the other. 
The full fluorescent spectrum is excited 
by any wave length lying within the 
absorption spectrum.’ As the concen- 
tration of the solution is increased, the 
band of fluorescence passes through an 
optimum in intensity and at the same 
time is displaced toward the red, as 
brought out in table I for films of 
rhodamine B in cellulose acetate ex- 
cited by the mercury green line. The 
concentrations given apply to the al- 
coholic solution before evaporation to 
yield the solid film. 

The existence of an optimum intensity 
of fluorescence at a critical concentration 
has been found to be a characteristic 
common to the solutions of all such dyes 
and to fit the Brunighaus equation! 
I = kce~®*, where J denotes the intensity 
of fluorescence and c the dye concentra- 


tion. The decrease in fluorescence be- 
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yond the optimum value is presumably 
due to the increase in probability of col- 
lision between excited and normal dye 
molecules. 

The energy of an excited molecule may 
of course be dissipated by collision with 
any molecules capable of resonating with 
it. This influence is shown by a wrong 
choice of solvent, which either lowers the 
fluorescence or destroys it utterly.” 
It is also shown by the addition of certain 
foreign materials which reduce the fluores- 
cence even though they are chemically 
inert.?8 

At the optimum concentration of 
rhodamine, as shown in table I, the ef- 
ficiency of conversion of the mercury 
green line into fluorescent energy cor- 
responds to the production of one quan- 
tum of fluorescent energy by the action 
of 1.6 quanta of absorbed energy, a con- 
version that is approaching closely that 
which would be theoretically attainable. 


Fluorescent Inorganic Substances 
Containing Metallic Activators 


Mention has already been made of the 
alkaline halide phosphors developed by 
the school of Pohl and Gudden.® 
Fluorescence is absent in the pure halides 
but appears when a trace of thallium is 
introduced. The characteristics are pre- 
sented in the curves of figure 5 for the 
typical case of potassium bromide. The 
presence of the thallium gives rise to two 
new absorption bands. Fluorescence is 
excited by radiation of any wave length 
lying within these bands. It seems clear 
therefore that the fluorescence arises 
from excitation of the thallium, and the 
theoretical treatment by Seitz® furnishes 
a quantitative basis for this conclusion. 

In the experiments described the 
amount of thallium in the halides was 
limited to very small concentrations that 
would not interfere with the formation of 
single crystals. The writer has investi- 
gated the effect of larger amounts in 
microcrystals. In general an optimum 
concentration was found, as is brought 
out in table II for the case of caesium 
iodide excited by the mercury line 2,536 
angstrom units. 

The dependence of fluorescence upon 
the presence of a foreign metal at low 
concentration is exhibited in other in- 
organic materials. For the alkaline earth 
sulfides and zine sulfide, extensively in- 
vestigated by the school of Lenard,™ 
these activators include manganese, cop- 
per, silver, antimony, lead, and bismuth. 
The pure sulfides, with the possible ex- 
ception of zinc sulfide, are devoid of 
fluorescence in the absence of an activator. 
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The color of their fluorescence varies 


with the activator used. The fluores- — 


cence increases to an optimum value at a 
critical concentration of the foreign metal 
and decreases to extinction at higher con- 
centrations, just as for the halides. 

Many of the oxides also may be made 
fluorescent by addition of a foreign 
metal. Calcium oxide is a typical case. 
It is activated by manganese, copper, 
lead, bismuth, and antimony, each yield- 
ing a different color. In the extensive 
investigation by Ewles' an optimum con- 


centration was found for each of the last 


wt 


three metals. 

The existence of an optimum content 
of a foreign metal in these diverse types 
of inorganic compounds is obviously re- 
lated to the effect of an optimum con- 
centration in solutions of dyes. The fact 
that the fluorescence reaches a saturated 
value and then decreases for larger 
amounts of the metal signifies again that 
an activated atom can lose its energy 
when a neighboring atom of the metal 
approaches it too closely. Unpublished 
observations by the writer on related 
effects indicate that this loss is due to 
the thermal vibrations of the atoms, and 
that its extent depends upon the ampli- 
tude of these vibrations. 

Manganese finds very extensive use as 
an activator. Besides the sulfides and 
oxides, it has been found also to activate 
certain sulfates, phosphates, and sili- 
cates.!© In the case of zinc silicate, the 
writer has found that the fluorescence is 
displaced toward the red as the concen- 
tration of manganese is increased, as 
brought out in table III. 

This result is important in that it 
demonstrates that the same effect is 
observable in the fluorescence of inor- 
ganic solids as in that of organic solutions 
and in the resonance radiation of vapors— 
namely, a shift in the emitted radiation 
to longer wave lengths that accompanies 
an increase in concentration of the active 
ingredient. 

A natural query arises as to the condi- 
tion in which the foreign metal activator 
is incorporated in the basic substance. 
Experiments by the writer on X-ray 
analysis of zine silicate phosphors have 
demonstrated that manganese atoms 
enter into the crystal as integral parts by 
substitution for occasional zine atoms. 
The result is a slight extension in lattice 
spacing, due to the larger size of the 
manganese ion, as compared with the 
zinc. 

In a different way Riehl has arrived at 
the same conclusion for zine sulfide ac- 
tivated with copper.” The crystals of 
the phosphor were treated with hydro- 
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Table Il. Fluorescence of Caesium lodide © 
Activated With Various Percentages of 
Thallium 
Percentages of Relative 
Thallium by Weight Fluorescence 
O07. csr Se ee 88 
089.7.cS ae i ee 100 
O37 .5 Oe eee aaa ane 84 
GDC ho ce cece ee al nee 39 
8701.4 ete ee ee 5 


Table Ill. Effect of Manganese Concentration 
Upon the Color of Fluorescence in Zinc © 
Silicate Phosphors 


Percentage of Peak in Fluorescence 


Manganese (Angstrom Units) 
OA 523. oo oes See ae ere 5,270 
D4 sks eee ares 5,280 
0.02 ina w'e Spain Se oN 5,290 
Liha ed Pcie Pee tee we 5,310 
DBs saci bey plied Had aba 5,330 
0.6 oes oe eee 5,350 


chloric acid so as to dissolve them slowly. 
As they became smaller, however, the 
fluorescence characteristic of copper ac- 
tivation continued and persisted almost 
up to complete solution. This is direct 
evidence that the copper had penetrated 
the lattice rather than formed as an ad- 
sorbed layer on the surface. 

There are many natural minerals that 
fluoresce, one of the most notable being a 
variety of willemite from New Jersey 
known as Franklinite. So far as these 
minerals have been investigated, they 
have been found to contain a foreign 
metal impurity as source of the fluores- 
cence.” 

The fluorescent glasses fall in this same 
classification, for their luminescence under 
radiation is due to activation by a foreign 
metal at very low concentration. It may 
be uranium or even one of the common 
metals such as manganese. 


Fluorescent Inorganic Salts 
Free of Metallic Activators 


In this class there are several types of 
salts whose fluorescence has been found 
to be due to the presence of an abnormal- 
ity, again at low concentrations. It 
may be a foreign acid radical. The 
fluorescence in bone and teeth, for in- 
stance, seems to be associated with the 
presence of about two per cent of an or- 
ganic compound, for it disappears when 
they are fired at 600 degrees centigrade. - 
Furthermore, it can be produced arti- 
ficially by the incorporation in calcium 
phosphate of a small amount of an organic 
product.’ Doctor Byler of this labora- 
tory [General Electric Company, Sche- 
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a fuorescence of eres Aerie may 
also be induced by incorporating a critical 
amount of the acid phosphate in the 
hydroxy phosphate, and that similar 
“complex salts of other metals can be 
formed at such critical compositions that 
fluorescence results,” 

A related case is that of zinc carbonate 
which developed fluorescence when it 
had been fired sufficiently to bring about 
partial decomposition into the oxide. An 
optimum fluorescence resulted at a com- 
position of 11 molar per cent zinc oxide 
combined with 89 molar per cent zine 
-carbonate.?! 

Still another type of abnormality is 
represented by the presence in a salt of a 
small amount of an allotropic modifica- 
tion of that same salt. Doctor Byler 
developed fluorescence in barium chloride, 
for instance, by firing it for a short time 
just above its transition point. Another 
instance is furnished by the long contro- 
versy over the fluorescence of zinc sulfide. 
The variations in the intensity and color 
of its fluorescence that have been pro- 
duced by altering the amount and kind of 
a foreign metal impurity demonstrate 
that activation of zinc sulfide by a foreign 
metal actually exists. However, a low 
degree of blue fluorescence arises on firing 
zinc sulfide to which no metallic impurity 
has consciously been added. There is a 
suspicion that this arises from the pres- 
ence of a residual impurity which the 
__ chemical purification has not been capable 

of removing. Schleede, however, has 
demonstrated that the fluorescence of the 
purported pure zinc sulfide is at a maxi- 
mum after a brief firing at 1,000 degrees 
centigrade, which served to convert a 
part of it from the cubic to the hexagonal 
form. He concluded that the fluores- 
cence arose from this intermixture of 
different crystalline types, for it dis- 
appeared under slightly higher firing at 
temperatures most suitable for the de- 
velopment of fluorescence in the presence 
of foreign metals.”? He ascribed the loss 
in fluorescence of the pure sulfide at such 
temperatures to its complete conversion 
to the hexagonal form. 


Figure 7. Twotypes 
of phosphorescence 
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There are many metals which can be 
identified by the fluorescence of their 
salts, most especially those with certain 
organic acids. In general, however, this 
fluorescence is observed as adsorbed films 
on a suitable base, such as filter paper, or 
in solution. It would seem to be due, 
therefore, to a fluorescence of the mole- 
cule under the condition of sufficient dis- 
persion to prevent disturbances by colli- 
sion.* 

There are, however, other cases in 
which fluorescence is associated with pure 
inorganic solids which are not yet known 
to contain any abnormalities. Such are 
the salts of the rare earths and of the 
uranyl radical and also the tungstates and 
molybdates.'4 It is reasonable to ex- 
pect that the presence of some abnor- 
mality will eventually be found in them 
also. 


Phosphorescence 


The light emitted during radiation by 
the exciting source is known as fluores- 
cence. In many cases the fluorescent 
substance continues to emit light after 
the exciting source is extinguished. 
Such a delayed emission of light is known 
as phosphorescence. The two are in- 
timately related as manifestation of the 
same fundamental phenomenon, namely, 
excitation of an atom. When the ex- 
cited electron returns directly to its nor- 
mal orbit, simply fluorescence is observed 
as the result of what Lenard calls an in- 
stantaneous process. When, however, 
the return of the electron is for any reason 
delayed, thus giving rise to phosphores- 
cence, then, by way of distinction, Lenard 
refers to it as the result of a delay process. 

Actually fluorescence may persist for 
an instant, of the order of 10~* second, 
after the exciting source is extinguished. 
When no luminescence beyond this period 
is observed, then one can be assured that 
the instantaneous process is the only one 
involved. When phosphorescence _ is 
manifested, however, it is clear that both 
processes are going on simultaneously 
during direct illumination. Their rela- 
tive proportions in two different phos- 
phors can be estimated by measuring the 
rates at which their phosphorescence de- 
cays after extinction of the exciting light. 
If one substance shows a sharp initial de- 
cay, less than about 10~* second, such as 
that represented by the first portion of 
curve A in figure 7, to be followed by a 
slow decay which begins at low intensity, 
then it is clear that the light emitted 
from it during illumination is produced to 
a relatively greater extent by the instan- 
taneous process. 
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The delay process itself is characterized 
by differences in the speed with which it 
is carried out. This is manifested by dif- 
ferences in the character of the decay 
curve. In figure 7, for instance, even 
though the delay process is predominant 
in B, yet the speed of its decay is rela- 
tively so high that its phosphorescence has 
fallen to zero at a time when the longer 
life phosphorescence from A is still ob- 
servable. 

In the case of a sulfide phosphor, there 
are generally three different types of 
phosphorescence, each excited by a nar- 
row band of differing spectral distribu- 
tion The instantaneous process giving 
rise to fluorescence is excited by a broad 
band whose spectral distribution includes 
all of the narrower bands which lead to 
phosphorescence. The halides offer a 
contrasting case. In them there are two 
distinct absorption bands, as brought out 
in figure 5. Excitation by the one of 
longer wave length yields only fluores- 


- cence, whereas excitation in the shorter 


band leads to both fluorescence and phos- 
phorescence as well. 
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A Memory Attachment for Oscilloscopes 


By W. E. PAKALA 


ASSOCIATE AIEE 


HE DEVICE described in this 

paper, called a “‘memnoscope,” is a 
system for obtaining an oscillogram of 
random phenomena and events immedi- 
ately preceding and following its occur- 
rence. 

This system was developed and has 
been used to study arc-back phenomena 
in mercury-are rectifiers. Other meth- 


RECTIFIER 
——— 


DELAY MACHINE 


Figure 1. Memnoscope: A _ system for 
oscillograms of random events 


ods, such as the use of long transmission 
lines and high-persistence cathode-ray 
tube screens? have been used to obtain 
oscillograms of random phenomena. 

It is possible to obtain volt-current- 
time data on one film because the dis- 
charge of each condenser element of the 
memmnoscope gives a dot on the oscillo- 
scope record and a knowledge of the com- 
mutator speed and number of condensers 
gives time (see figure 4a). Information 
on random transmission-line faults can 
be obtained from normal conditions, 
through fault time and back to normal. 


Description of Complete System 


In figure 1 is shown a rectifier which is 
a source of a random! occurrence com- 


Paper number 38-95, recommended by the AIEE 
committee on instruments and measurements and 
presented at the AIEE summer convention, Wash- 
ington, D. C., June 20-24, 1938. Manuscript sub- 
mitted October 26, 1937; made available for pre- 
printing May 27, 1938. 


W. E. Pakata is a research engineer for the West- 
inghouse Electric and Manufacturing Company, 
East Pittsburgh, Pa. 
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paper. 
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monly known as arce-back. If it is desired 
to obtain an oscillogram of conditions in 
a rectifier immediately preceding and 
following the arc-back, a system as shown 
in figure 1 can be used. 

The grid of the thyratron is excited by 
the random phenomenon and the plate 
current opens the camera shutter. A 
picture is obtained of the motion of the 
spot on the cathode-ray-tube screen. 
Since the motion of the spot is deter- 
mined by potentials of the rotating ca- 
pacitors and if rotation is as shown in 
the figure, the picture taken will be of 
events occurring prior to the time the 
random phenomenon occurred. The 
heart of the system is the rotating ca- 
pacitor network designated in figure 1 as 
“delay machine.” 


Construction of Delay Machine 


To obtain satisfactory oscillograms at 
60 cycles, for the conditions investi- 
gated, a machine with 147 capacitors was 
constructed. This machine was built 
using a standard commutator with 147 
bars and 147 0.01-microfarad capacitors 
mounted around the shaft. One terminal 
of each capacitor was connected to a com- 
mutator segment; the other terminal was 
connected to a collector ring. The whole 
assembly was balanced and then mounted 
in a standard motor frame of suitable 
size. The size of the completed capaci- 
tor unit, which is the machine in the fore- 
ground, and the driving motor can be seen 
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from figure 2. The capacitors are of the 


~ commercial paper-wax tubular type, 1/2 


inch in diameter and one inch long. 

The brushes are mounted close to- 
gether in order to utilize as many of the 
total number of capacitors as possible. 
With rotation as shown in figure 1, J is 
the input brush, S is the short-circuiting 
brush, and O is the output brush. 


Operation of Machine 


Assume the direction of rotation as 
shown in figure 1 and a voltage E (¢) across 
the input terminals. The resistance and 
inductance of the input circuit are neg- 
ligible; then the capacitor, G, at the 
same time it leaves the brush J will be 
charged to a voltage E (4). After a 
time very nearly 1/rps seconds (the delay 
time) this capacitor, (, will be under 
brush O and the voltage E (t) can be 
recorded. Before C; can reach the in- 
put brush again, it is discharged by the 
short circuiting brush S bringing E (ft) to 
zero and C; is ready for another transfer 
of charge. 

All the capacitors Gy, Co) Cay Caen eee 
transfer their specific charges once per 
revolution and a stepped wave E’(i) is 
obtained at the output end. This wave 
is 1/rps second behind the wave E(t). 
The number of electrical degrees per step 
is 0 = f/rps X 360/b. Where f = fre- 
quency and b = total number of capaci- 
tors in the machine. For 1,800 rpm and 
a 60-cycle wave 6 = 4.90 degrees. This 
means that there will be 73.5 steps per 
cycle of a 60-cycle wave. 


Figure 2. Apparatus as used to obtain pic- 
tures. The larger machine contains rotating 
capacitor network 
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The delay time is that of one revolution 
of the commutator corrected for the total 
span for the three brushes. In this case 
it is tm = 1/rps X 142/147 = 0.0322 
second for 1,800 rpm. This time is 
nearly two cycles of 60-cycle frequency. 

Oscillograms, figure 4, have been ob- 
tained using a cathode-ray tube, with the 


output voltage connected directly to the 


plates. The input voltage required un- 
der these conditions is 50 volts for one- 
inch deflection on the cathode-ray-tube 
screen. 

The machine can be used with the mag- 
netic-type oscillograph if a suitable coup- 
ling means is used between the output of 
the machine and the oscillograph. By 
using more than one group of three 
brushes on the commutator, more than 
one picture can be taken at the same 
time. Also, more than one commutator 
can be mounted on the same shaft if 
more records are required. 


Response Characteristics— 
Input End of Network 


Equation 5 (see appendix) indicates 
that if a wave definition » (number of 
steps per cycle of highest frequency to be 
reproduced) is required, the RC product 
should be decreased as the frequency 
desired is increased. It is desirable to 
use as small a value of resistance in the 
input circuit as possible. If a resistance 
potentiometer is used to supply voltage 


a 
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Figure 3. Distortion due to output brush 
making contact to more than one capacitor at 
a time 


to the network, the resistance of this 
input device is to be included in deter- 
mining the frequency response. 

It is also advantageous to use a sub- 
tended brush angle of such a value that 
only one or two capacitors are in the 
brush circuit. The value of C, in equa- 


DECEMBER 1938, VOL. 57 


tion 5, is the total capacity under the 
input brush. 

It is not difficult to obtain good re- 
sponse as far as the RC value is con- 
cerned. The value of », which deter- 
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Figure 4. Oscillograms obtained with mem- 
noscope 

(a)—60-cycle transient 

(b)}—Wave as in figure 3a obtained without 
machine 

(d)—Same wave as (b) with machine 

(c), Ce), ()—Arre-back oscillograms of anode- 


to-cathode voltage of a mercury-arc rectifier 


mines the definition of the wave, is more 
important since the maximum frequency 
which can be transmitted by the net- 
work is determined by the number of 
capacitors required per cycle to make the 
frequency recognizable in the output 
circuit. These considerations determine 
the product pf. After the value of f 
is chosen, the maximum value RC, which 
may be used as far as the input circuit is 
concerned, can be obtained from equa- 
tion 5. 


The Output End of Network 


If contact is made at all times to not 
more than one capacitor, the output volt- 
age wave into the receiving device will 
not be distorted provided p, the number 
of capacitors per cycle, is of sufficient 
number for the frequency transmitted. 

If, however, the output brush makes 
contact with more than one capacitor at 
a time, then there will be a division of the 
charge and distortion will result. The 
effect of double contact can be seen from 
a consideration of a wave distribution 
as shown in figure 3a. 

The action is as follows: 

At t = 0 the voltage on capacitor Ci 
(see figure 3b) is H;. At the time contact 
is made to Cy, the voltage at the receiving 
device should be equal to zero according 
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to point 2 on figure 3a. However, if the 
brush makes contact to C; at this time, 
as well as to C2, C2 will be charged to a 
voltage E, = E'/,. This transfer of 
charge by the brush continues and a dis- 
torted wave as shown in figure 3c will be 
obtained rather than the correct wave, 
figure 3a. 

If a high-resistance brush material is 
used, the wave distortion will be reduced. 
Calculation shows that the resistance 
through the brush from bar to bar would 
have to be 1.25 10° ohms in order to 
make EH», only one per cent of £, for the 
time 4 used in this machine. A portion 
of this resistance would occur in the out- 
put circuit and distortion there would be 
enhanced. 

Equation 7 in the appendix is for the 
wave from ¢ = 0. This equation indi- 
cates that the maximum distortion oc- 
curs when contact is made to two bars at a 
time. For contact to more than two bars 
at a time, the distortion is reduced slowly; 
that is, as the log of a function of the num- 
ber of bars spanned by the brush. Con- 
tact to only one bar at a time is best for 
minimum distortion. 


The Short-Circuiting Brush 


This brush circuit should have low re- 
sistance and inductance. Increasing the 
number of bars spanned by this brush 
does not affect the time constant unless 
the resistance is decreased in proportion. 
Brushes mounted axially with the com- 
mutator and separate and short leads 
from each brush to the common side of 
the circuit is possibly the best way to 
discharge capacitors. 


Results With Memnoscope 


Figure 4 shows the type of films ob- 
tained with the camera using a cathode- 
ray tube with a blue-trace screen. 

Figure 4a shows a 60-cycle transient 
crossing the cathode-ray-tube screen two 
times. Each dot on the film represents 
the voltage of a capacitor. 

Figures 4b and 4d are for waves of the 
type in figure 3a. These pictures were 
taken, respectively, without and with 
the memnoscope. They represent the 
anode-to-cathode voltage of an ignitron 
operating from a 60-cycle source of power. 

Figures 4c, 4e, and 4f are oscillograms 
of random arc-backs of a rectifier. The 
films show anode-to-cathode voltage 
changing from normal inverse voltage 
to an are-back. Films c and f show that 
the arc-back occurs near the crest of the 
wave, and e shows one starting at one- 
half crest voltage. 
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Value of Memnoscope in Research 


The memnoscope has proved its value 
in rectifier research. The opinion has 
been that arc-banks in rectifiers occurred 
only during transition time. Oscillo- 
grams obtained with the memnoscope 
show that arc-backs do occur at other 
times during the inverse cycle. Oscillo- 
grams have given information which has 
led to improved designs and to very sub- 
stantial increases in the ratings of igni- 
trons. 


Appendix 


To determine the frequency response at 
the input end, we may use the equation for 
voltage across a capacitor charged through 
a resistance 7. If the input voltage is E 
cos (2 m ft + ¢) the voltage at any time ¢ 
is, if charge on C = Oat? = O 


E : ; ae 
ee = sap | smut +0) sin oe | 
where 
il 2 
Z= V Say 
# oz (=) 
@¢=y-— tan (1) 


2nfre 
y = phase of Fatt = 0 


In this case the voltage impressed on the 
capacitor depends on the input voltage at 
the time contact is made. If the time dura- 
tion of contact is 4, when the brush leaves 
the capacitor being charged, the voltage 
on the capacitor will be 


sin (2rft: + $) — sin oer | 
(2) 


t,, the time duration of contact in terms of 
the frequency f, and », the number of 
capacitors per cycle is 


Agee 
Seer oe Cy 


4 = ae (3) 
bf 

and 

hy 1 

iE (4) 


Substituting in (2), e, becomes 
E 
QS 
a/ 1 + (2afrc)? 


2a opts 
sin (= ae +) — sin ¢g-€ | (5) 


This equation shows that a phase distortion 
and an amplitude distortion can occur. 
Since p must be made sufficiently large to 
give a recognizable wave, when the fre- 
quency desired is increased, the rc value 
must be decreased in order to make both 
the second term under the radical and the 
second term in the brackets negligible com- 
pared to other terms in the above equation. 
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The time of contact h, see figure 30, in 
terms of commutator bar, brush, and in- 
sulation dimensions is 


ra +s (6) 
~ (rps)ol 


Using this value for 4, we can write (5) 
in terms of the dimensions, speed, and 
number of bars. 

If contact is made at the output end to 
more than one capacitor at a time distor- 
tion will occur. If we consider an input 
wave as shown in figure 3a, and contact to 
two capacitors at a time, the output wave 
will be as shown in figure 3c. 

This wave can be represented by equation 
(7), assuming C, = C, = Cy, ete., and a 
brush of negligible resistance 


h 


E, = Eye~ 00) los 2 (7) 


= Oh 


where E, is the voltage of the mth capaci- 
tor, and m = 1 for Ci, n = 2 for Cy, etc., and 
E, = constant. This gives an exponential 
curve for the output end, instead of a ver- 
tical line as desired. 
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Discussion 


H. P. Kuehni (General Electric Company, 
Schenectady, N. Y.): In the device de- 
scribed in this paper an electrical phe- 
nomenon to be recorded is first impressed on 
a set of rotating capacitors which are con- 
nected to commutator segments. Each 
capacitor is charged through the input 
commutator brush to a potential propor- 
tional to that of the electrical phenomenon 
at the time of brush contact. By means of 
a second commutator brush, which is ad- 
vanced in the direction of rotation, the 
charged capacitors consecutively are con- 
nected to the oscillograph, thus recording 
in steps the event a definite time after its 
occurrence. 

The accuracy of reproduction and fre- 
quency response of this device are largely 
functions of the number and size of the 
capacitors used, the speed of rotation, and 
the input and output circuit time constants, 
as well as the energy available from the 
circuit to be studied. For practical and 
economic reasons the number of capacitors, 
commutator segments, and speed of rota- 
tion obviously are quite limited. In the 
author’s machine 147 0.01-microfarad ca- 
pacitors were driven at a speed of 1,800 
rpm. Under these conditions a 60-cycle 
wave is reproduced with 73.5 steps of 4.9 
electrical degrees per step. However, a 600- 
cycle wave, for example, would be repro- 
duced considerably distorted by only 
7.35 steps with 49 electrical degrees per 
step. It is to be expected, therefore, that 
even though the circuit time constants 
can be made small to satisfy the response 
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requirements, the limited practical num- 
ber of capacitors and commutator seg- 
ments render this type of recording device 
suitable for moderate frequencies only. 
It is questionable whether a device of this 
type can be built economically for high- 
frequency response as required, for example, 
in the recording of surges of short duration, 
switching transients, and the like. 

For the recording of random phenomena 
Doctor A. W. Hull! made use of the after-_ 
glow of the fluorescent cathode-ray-tube 
screen. The recording photographic cam- 
era, being triggered through a thyratron 
by the disturbance itself, photographs 
the afterglow of the cathode-ray trace or the 
so-called tube screen “memory” of the 
event. The screen substance willemite. 
which is widely used in commercial cathode- 
ray tubes, has an afterglow of approxi- 
mately 1/29 second which is ample time for 
the camera to catch. An automatic three- 
tube cathode-ray oscillograph built on the 
screen “memory” principle has been in 
continuous and highly successful use for 
nearly two years in the General Electric 
Company for the study of random phe- 
nomena pertaining to power rectifiers and 
tube circuits. The cathode-tube screen 
afterglow can, of course, be used with any 
cathode-ray oscillograph providing the 
tube voltage is sufficiently high to produce 
a recordable trace of the transient. With 
the General Electric high-speed hot-cathode 
type-HC-15 cathode-ray oscillograph,? using 
a 15,000-volt permanently sealed glass 
cathode-ray tube, successful photographic 
memory records were obtained in experi- 
mental work of a transient as fast asal X 
5-microsecond impulse wave by triggering 
the camera with a relay energized from a 
charged capacitor through a _ thyratron 
fired by the impulse itself. The cathode- 
ray tube ‘“‘memory”’ principle has practically 
unlimited frequency response and outside 
of a simple relay, capacitor thyratron cir- 
cuit, and a camera, no extra equipment is 
needed. It is believed doubtful that the 
author’s capacitor device can be made to 
have as wide a frequency range as the sim- 
ple memory principle described by Doctor 
Hull. 
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W.E. Pakala: Mr. Kuehni has questioned 
the economical use, at high frequencies, of 
the rotating capacitor network for memory 
oscillograms of random events, and men- 
tions the use of high-persistence cathode- 
ray tubes for memory oscillograms. 

The machine described was designed to 
give information as to conditions existing 
for two to four cycles prior to random 
arc-back in a mercury-are or ignitron rec- 
tifier operating from a 60-cycle power 
source. For these conditions the capacitor 
machine has been very useful and entirely _ 
satisfactory. 

In the cathode-ray-tube method of ob- 
taining ‘‘memory” oscillograms of random 
events, it is necessary to keep the tube fully 
energized and the recurrent phenomena on 
the screen. This means that the recurrent 
or normal trace, while waiting for random 
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Synopsis: Two low-voltage a-c networks 
have been installed in Tennessee, using a 
radically different protective scheme. "The 
customary master relays, phasing relays, 
and associated current transformers have 


_ been omitted from the network protectors 


using in their place a remote-control system 
of pilot wires operated from relays at the 
supply substation which protect the high- 
voltage cable feeders. 

In contrast with previous pilot-wire- 
protected network systems utilizing looped 
primary circuits with secondary transformer 
fuses'2, these networks retain the radial 
supply and electrically operated secondary 
air circuit breakers of the more conventional 
systems. 

Previous experience has pointed to operat- 
ing advantages of a remote control system 
provided a thoroughly reliable installation 
could be secured at a reasonable cost. The 
system described does not exceed the cost 
of conventional relay installations and it is 
felt that inherent hazards to reliability have 
been overcome. 


OAD GROWTH in the business dis- 

trict of Nashville, Tenn., had made 
necessary the rehabilitation of the exist- 
ing underground supply system consist- 
ing of overloaded 2.3-kv radial cables. 
Comparative cost estimates showed de- 
cided advantage of replacing the entire 
2.3-kv system with its crowded ducts and 
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phenomena, will have some effect on the 
interpretation of films, since the repeated 
trace will photograph much better than 
the transients, which are single sweeps on 
the cathode-ray-tube screen. In other 
words, there is some “burning in” effect be- 
cause of recurrent traces, whereas the in- 
tensity of the transient trace decays ex- 


ponentially. ie 
If a rotating capacitor delay machine is 


DECEMBER 1938, VOL. 57 


Remote Control of Network Protectors 


By W. R. BROWNLEE 


W. E. DENT, JR. 


ASSOCIATE AIEE 


aged cables with a low-voltage a-c net- 
work system supplied from four 13.2-kv 
cable feeders. 

Successful operating experience with 
d-c pilot-wire systems for tie-line pro- 
tection over a period of five years* led to 
the consideration of remote-control pilot 
wires for the proposed network system in- 
stead of master relays and phasing relays. 
Conditions particularly favorable to re- 
mote control were the fact that an en- 
tirely new network system was contem- 
plated making the conversion of existing 
equipment unnecessary, the supply sub- 
station is located immediately adjacent 
to the network area, the fact that replace- 
ment of 2.3-kv cables with 13.2-kv cables 
would release ducts which would be idle 
except for remote-control cables, and that 
the arrangement of duct banks resulted 
in several “‘inside’”’ ducts which would be 
of little use in power-carrying capacity. 

Three of the four 13.2-kv cable feeders 
were connected in service on February 6, 
1937, with the initial network step con- 
sisting of five units. At the close of 1937 
a total of 34 units had been installed on 
the four cable feeders. Construction is 
proceeding in a steady program. 

In Chattanooga a low-voltage network 
system is being installed to supplement 
a 2.3-kv radial underground system. By 
the end of 1937 a total of eight units had 
been installed on three 11-kv cable 
feeders. It is planned that the network 
will eventually replace all of the 2.3-kv 
radial underground system. 


Operating Requirements 


Network experience over a period of 
years has resulted in a rather imposing 
list of requirements for the network con- 
trol relays, such as: 

1. The network protector must trip for 


any short circuit or ground on the high- 
voltage cable feeder. 


used with a cathode-ray tube, the intensity 
can be kept at a low level until the camera 
shutter is opened and high-speed cathode- 
ray screens can be used, giving pictures of 
only the trace desired. Another advantage 
is that a magnetic oscillograph can be used 
and oscillograms of several currents and 
voltages obtained simultaneously as eco- 
nomically as with, say, a battery of six cath- 
ode-ray tubes. 
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2. The network protector should trip on 
transformer magnetizing current or cable 


charging current with the supply breaker 
open, 


8, The network protector should not trip 
due to small phase-angle differences in sup- 
ply of various feeders. 


4, The network protector must not trip 
during a fault on the secondary network. 


5. The network protector must not trip 


during a fault on any other high-voltage 
feeder. 


6. The network protector should not trip 
on power reversals at light loads or in case 
of regenerative loads. 


7. The network protector should close 
when the transformer is energized with volt- 
age of such magnitude and phase relation 
that power will flow from the transformer to 
the network. 


8. The network protector must not close 
if resulting power flow would be such as to 
operate the sensitive tripping relay. 


9. The network protector must not pump 
when the high-voltage cable feeder is ener- 
gized through one network unit which has 
failed to open. 


It is evident that limits usually imposed 
on the closing of a network protector are 
based on imperfect selectivity in its open- 
ing characteristics. 

A tremendous amount of development 
work has been done by operating engi- 
neers and manufacturers in evolving 
relays or systems which could meet these 
requirements, and the remarkably good 
record of network relay performance? is 
a tribute to their work. One solution® has 
been to apply relays which are sensitive 
primarily to negative-phase-sequence 
quantities. Naturally such relays will 
not meet the requirements of opening on 
transformer magnetizing current, but 
operation approaching this can be 
achieved by providing a source of nega- 
tive-sequence power at the substation. 
Another approach® has been to install 
power devices in the primary system for 
controlling phase-angle displacement of 
the various feeders supplying a common 
network. Doubt has been expressed re- 
garding the universal application of either 
of these methods. 

One engineer’ has compared the opera- 
tion of a network system to the conven- 
tional transmission network in which all 
switches are operated closed except for 
inspection or repairs or in event of sys- 
tem trouble, in which case only the cir- 
cuit breakers which are necessary to 
isolate the fault are opened. Accordingly 
it has been suggested that requirements 
of network relays be reduced to (1) the 
network protector should close when its 
transformer is supplied with normal three- 
phase voltage in excess of the network 
voltage by a predetermined value (2) the 
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network protector should trip in case of a 
high-voltage fault or when opening means 
are applied at the supply substation. 

A network primary feeder with its as- 
sociated network transformers may be 
compared to a transformer in a power 
station which is operated in parallel with 
other units. Individual control switches 
provide separate manual control of the 
high-voltage and low-voltage breakers 
but internal faults trip both breakers. 

This is the general type of control which 
has been provided for the remote-control 
network system, except that only two 
wires are used to connect each low- 
voltage air circuit breaker with the supply 
substation equipment resulting in de- 
pending on protective relays on a high- 
voltage feeder alone to determine short 
circuits in the protected zone. 


Description of Control Scheme 


Each feeder control panel at the supply 
substation is provided with two stand- 
ard-size control switches, one to control 
the high-voltage oil circuit breaker for the 
cable feeder and the other to control the 
entire group of low-voltage network 
breakers associated with that feeder. 
Operation of overload or sensitive ground 
relays applied to the high-voltage cable 
feeder results in tripping the feeder oil 
circuit breaker and also tripping the 
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600 OHMS 
600 OHMS 


entire low-voltage group, causing green 
lamps on both control switches to burn 
and sounding a station alarm which may 
be silenced by turning both control 
switches to the trip position. After 
trouble has been located and repaired the 
operator can energize the feeder and then 
close the network switches immediately 
or if desired he can energize the feeder 
and wait for a given test period before 
connecting the feeder to the network. 
Among requirements sometimes listed 
for network master relays is that they 
shall provide a check on any possible 
incorrect phasing on the high-voltage or 
low-voltage side of a network protector 
during construction. This function is 
really a by-product of the opening and 
closing characteristics of the network 
relays and those who have had experience 
with incorrect factory wiring of distance 
relays and similar equipment would not 
like to trust such devices for a definite 
check on the adequacy of construction 
phasing. At the present time our con- 
struction forces prefer to check phasing 
electrically across a network protector 
with fuses removed but provision has 
been made for checking phasing of any 
new network unit or of any splice in a 
primary cable using equipment at the 
substation. Instead of using one poten- 
tial transformer on each underground 
cable feeder, two such transformers are 
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120/208 VOLT NETWORK SYSTEM 


Simplified diagram showing net- 
work control scheme 


Figure 1. 


1—Oil-circuit-breaker control switch 
1-F—Floating contact made when 1 is turned to 
close position 

4—Network group control switch 

4-C—Floating contacts made when 4 is turned 
to close position 

4-T—Floating contacts made when 4 is turned 
to trip position 

43—Series-shunt reversing relay 

51—Feeder protective relays 

95—Copper-oxide rectifier with mid tap 

C—Remote-control closing relay 

T—Remote-control tripping relay 

C5—Network protector motor cut-off switch 

R—4,100-ohm resistor 

OC—Overcurrent supervisory relay 

UC—Undercurrent supervisory relay 

TC—Trip coil 

VM—Hisgh-resistance voltmeter 

VR—Sensitive voltage relay 


connected in open delta and a swinging 
panel with two 360-degree synchroscopes 
arranged with transfer switches so that 
a feeder cable may be energized from a 
new network unit or from a network unit 
beyond a new cable splice and exact 
phase relations checked at the substation. 

Each primary radial feeder is protected 
by three inverse-type overload relays with 
instantaneous attachments and one in- 
verse-type sensitive ground relay with 
instantaneous attachment (see figure 1). 
The contacts of all four protective relays 
are connected to the trip coil of the oil 
circuit breaker through a series coil of a 
battery reversing relay. This relay is 
also provided with a shunt coil which 
seals in from momentary operation of the 
series coil until it is released by turning the 
network group control switch to the trip 
position. The shunt coil is also operated 
from a “‘b’”’ finger of the oil circuit breaker 
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through a floating contact of the control 
switch, guarding against leaving the 
primary cable energized from the network 


_ (without normal protection) in case the 


feeder oil circuit breaker should open 
accidentally. 

The reversing relay controls the group 
of network air circuit breakers on a feeder 
by reversing 125 volts d-c battery supply 
to the remote control pairs. Control 
battery is carried to each network pro- 
tector on an individual pair of wires by 
means of number 22 gauge double paper- 
insulated lead-covered cable located in 
the same underground duct system with 
the primary supply cables. For the main 
runs one 25-pair cable is used with each 
high-voltage feeder and 10-pair cables 
are used for lateral runs to each network 
unit. One common pair for each feeder 
is terminated in a “condulet’” type re- 
ceptacle at every network protector for 
plugging in portable telephone equipment. 
Each control cable has four spare pairs 
terminated in each network protector. 

Inside each network protector housing 
all relays, current transformers and as- 
sociated wiring have been removed, leav- 
ing essentially an electrically operated air 
circuit breaker. Two small contactors 
are added operating in conjunction with 
one copper-oxide rectifier with mid tap 
and two fixed resistors to give closing or 
tripping impulses to the network air cir- 
cuit breaker depending on polarity of 
direct current supplied at the substation. 
As a tripping or closing operation of the 
air circuit breaker is completed the 
auxiliary switch inserts a fixed resistance 
to reduce current in the pilot wire circuit 
from the operating value to the super- 
visory value. Figure 2 shows the con- 
tactors (C and T) mounted in the network 


Figure 2. Mounting of remote control equip- 
ment in standard protector unit 
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protector housing. The rectifier and re- 
sistors are shown at the lower left. In- 
terruption of d-c supply or the failure of 
remote-control pairs does not result in 
operation of the air circuit breakers but 
merely removes control from them. 


Continuous audible and visible super- 
vision of each pilot-wire circuit’ is pro- 
vided by means of a small overcurrent 
and undercurrent contactor for each pair 
located at the substation, Remote- 
control operating current is 130 smilli- 
amperes which is reduced immediately 
through air circuit breaker auxiliary 
switches to 25 milliamperes. The closing 
and tripping contactors at the network 
protectors operate on 75 milliamperes and 
drop out on 45 milliamperes, while at the 
substation the overcurrent contactors 
pick up at 75 milliamperes and drop out 
at 45 milliamperes and the undercurrent 
contactor picks up at 18 milliamperes and 
drops out at 11 milliamperes. A control 
alarm buzzer at the substation operates 
if current is above 75 milliamperes or 
below 11 milliamperes, or in case of a 
ground on any portion of the battery 
circuit. A row of telephone-type white 
supervisory lamps (see figure 3) is pro- 
vided on the substation feeder switch- 
board panel with one lamp for each net- 
work protector. These lamps burn nor- 
mally regardless of the position of the 
network protector but are extinguished 
if the overcurrent or undercurrent con- 
tactors indicate an abnormal condition. 
Although the alarm system is primarily 
for the purpose of supervising the remote- 
control circuits it also calls attention to 
the failure of an air circuit breaker to 
open or close (as directed by substation 
equipment), since the operating current 
is chosen to pick up the overcurrent con- 
tactor, 


Under each supervisory lamp on the 
switchboard panel are located a set of 
telephone-type jacks for isolation and 
tests of the individual control pairs. One 
zero center d-c milliammeter is provided 
which can be used by means of a cord and 
plug to read current in any control pair. 
Thus the operator can determine readily 
whether an alarm indicates an open 
circuit, short circuit, or failure of the 
network air circuit breaker to operate. 

An interesting by-product of individual 
control-circuit supervision is individual 
remote control of the network protector 
units. The same telephone jacks used 
for test and isolation of the control pairs 
can be used by means of a special plug to 
operate one or more network units to a 
position other than that indicated by the 
principal control switch. When the 
special plug is removed from the test jack 
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Figure 3. Switchboard arrangement of control 

equipment for Nashville network. Each panel 

controls one primary feeder and its network 
protectors 


the network protector returns to the 
position called for by the main control 
switch. Naturally the automatic battery 
reversing relay takes precedence over the 
individual jacks as well as over the main 
control switch, so that network protectors 
always trip in case of power trouble re- 
gardless of manual operation from the 
substation. 

Figure 4 shows a front view of switch- 
board at the supply substation of the 
Chattanooga network. The control 
scheme is quite similar to the Nashville 
installation except that a row of keys has 
been provided for individual control of 
the network units using jacks merely for 
tests and isolation. A further difference 
is that the single white supervisory lamp 
for each network protector has been re- 
placed by a supervisory red lamp and a 
green lamp, these lamps being operated 
from the same contacts on the overcurrent 
and undercurrent relays which are used in 
the Nashville scheme to operate the white 
supervisory lamps. The red and green 
lamps are connected at the substation 
end of the remote control pairs (between 
substation battery and the supervisory 
relays) so that a somewhat better indica- 
tion of the position of the network pro- 
tectors is given as long as the control 
circuit is intact and the protector operates 
correctly. Naturally complete indication 
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of the network switch position with the 
control circuit in trouble would require 


additional control wires. If the control 
pair is in trouble or if the network 
protector fails to move to the required 
position then the red and green lights at 
the substation burn dimly in series. 

It may be noted that telephone type 
equipment has been mounted on the 
standard ebony asbestos switchboard by 
using a center section of thin bakelite 
arranged flush with the front of the 1!/- 
inches-thick composition panel. 


Relative Cost of Remote 
Control Equipment 


At the present time standard network 
protectors without relays or current trans- 
formers are being purchased from two 
leading manufacturers with a price re- 
duction of about $400 per protector. 
Estimates based on the Nashville com- 
pleted network with a total of 60 net- 
work protectors show that the pilot-wire 
cables and associated equipment can be 
installed for about 60 per cent of the price 
reduction on the 60 network units. These 
estimates include cost of the control cable 
and its complete installation with fire- 
proofing but do not include any allocated 
cost for duct space. No credit is taken 
for the cost of telephone pairs. Cost of 
terminal equipment in the network pro- 
tectors and at the substation is included. 
Many of the parts are quantity-produc- 
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Figure 4.  Switch- 
board arrangement 
of control equipment 
for Chattanooga net- 
work. Each panel 
controls one primary 
feeder and its net- 

work protectors 


tion items used in communication and 
automatic control. 

In cases where duct space for control- 
cable circuits is not readily available at 
moderate cost, consideration should be 
given to leasing a remote control pair for 
each network protector from the local 
communication company. Aside from 
the cost comparison, the advantage of 
relative freedom of exposure to power 
system troubles can be weighed against 
possible control-circuit outages arising 
from telephone protective equipment or 
maintenance procedure on the part of the 
communication company. 

While variations in cable installation 
cost may be expected the resulting 
figures would still show positively that 
the remote-control system would not cost 
more than the conventional system. The 
fact that the selling price of the equip- 
ment omitted from the network protec- 
tors is nearly $600, whereas the present 
omission price is two-thirds as much 
points to probable additional economies 
in the future. 


Reliability 


It is generally conceded that the fre- 
quency of inspections of equipment which 
is likely to cause trouble has a pronounced 
bearing on the probability of failure of 
protective equipment to perform properly 
during system trouble. Attention has 
been called to this recently in connection 
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with low-voltage a-c network operation.* 
Experience with transmission relays has 
emphasized the need of frequent inspec- 
tions of protective devices and in the case 
of protective equipment which is difficult 
to inspect and which is exposed to hazards 
extending over several miles such as a 
pilot-wire circuit the use of continuous 
audible and visible supervision has been 
found highly effective. Although these 
conclusions were reached through operat- 
ing experience and study, the curve of 
figure 5 has been prepared to illustrate 
the theoretical relation between the time 
required to locate and clear protective 
trouble and the probability of failure of 
the protective equipment to clear pri- 
mary short circuits. The time of one hour 
at one end of the curve is taken as a 
typical value for remote-control equip- 
ment since within this length of time 
the operator can determine that an in- 
dividual control pair is defective 
(grounded, short-circuited, or open-cir- 
cuited) and can arrange to have this in- 
dividual network unit removed from serv- 
ice even under peak load conditions such 
that it would be undesirable to remove an 
entire network feeder from service. 


Experience of communication com- 
panies indicates that many troubles with 
underground lead-covered cables come 
about through the entrance of moisture 
into the cable through small defects in the 
lead sheaths. Several hours are usually 
required after the failure of one pair 
before the entire cable is involved. This 
was borne out in striking manner by the 
one case of control-cable trouble which 
has been experienced since the Nashville 
network system was started. A splice 
was known to be defective (due to special 
local causes) but construction was at such 
a stage that it was decided to leave the 
splice in service over a period of time and 
observe results. After the first pair 
caused operation of an overcurrent relay 
(indicating a high-resistance short cir- 
cuit) a period of six days elapsed before 
another pair was involved. After an 
additional period of 12 days two other 
pairs were involved and at that time the 
defective splice was repaired. This 
trouble was due to the entrance of mois- 
ture through a defective splice into one 
of the 25-pair control cables. 


Another case of trouble was discovered 
by means of the ground alarm. Isolation 
of various pairs at the substation by 
means of test jacks immediately located 
the faulty circuit which was then operated 
to trip the network protector and isolate 
it from battery supply. An investigation 
showed a vault half full of water and a 
defective network-protector housing had 
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_ permitted moisture to collect on the con- 


trol wiring resulting in the indication of a 
high-resistance ground. 

The adequacy of supervision for pre- 
venting protective failures rests on 
troubles in the primary equipment and 
control equipment being reasonably in- 
dependent of one another, and precau- 
tions have been taken to insure this con- 
dition. Special short-circuit tests were 
made to determine the possible difference 
of ground potential between the supply 
substation and network units from which 
calculations indicate a maximum dif- 
ference of 200 volts under the most 
unfavorable short-circuit conditions. 

One chief cause of concern has been the 
likelihood of primary cable burning con- 
trol pairs in two or destroying a network 
control cable. The choice of control 
scheme has reduced the possible damage 
from such a contingency. In case of a 
primary cable burning its associated con- 
trol cable, correct operation is secured if 
the tripping impulse is given to the net- 
work protectors before any control cable 


200 
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OUTAGE OF PROTECTIVE EQUIPMENT IN HOURS 
Figure 5. Curve showing probable failures per 
100 primary feeder faults of network protector 
units to trip due to control pair and control 


equipment failures extending over various 
periods of time 


pairs are damaged. The use of in- 
stantaneous devices on the protective 
relays and high-speed control equipment 
insures that the trip plungers at the air 
circuit breakers will be in motion less than 
four cycles after the beginning of the 
fault. Since interruption of d-c supply 
does not cause the network protectors to 
open, the damaging by a power cable of 
a control cable associated with another 
feeder does not impair operation as long 
as the control cable can be repaired and 
restored to service before the occurrence 
of a second high-voltage fault. 

In order to minimize the possibility 
of any damage to control cables from 
power equipment the control cables have 
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been fireproofed at every vault in the same 
manner as the power cables and wherever 
feasible they are located not too close to 
the power cables or splices. As a check 
on the adequacy of such fireproofing, 
short-circuit tests were arranged at sys- 
tem voltage, using short sections of three 
conductor power cable and splices of such 
cable placed within five inches (surface 
to surface) on racks from a section of fire- 
proofed control cable. An internal fault 
from one conductor to sheath was made 
before the test in each sample of cable 
and oscillograph elements arranged to 
record any change in normal direct cur- 
rent in any pairs of the control cable and 
also to record through a current trans- 
former the passage of any current to the 
sheath of the control cable. 

A series of 15 short-circuit tests were 
made energizing the faulted cable speci- 
men with a _ three-phase grounded- 
neutral 11-kv power source of sufficient 
capacity to provide a ground current of 
7,000 amperes. The duration of these 
short circuits was varied from 5 cycles to 
30 cycles and in no case was there any 
disturbance to the control current and in 
none of the tests did the arc cause any 
current to flow in the control-cable sheath. 
Figure 6 illustrates the arrangement of 
test cables and shows burning of adjacent 
surfaces after a short-circuit test. 

The extremely remote possibility of an 
entire control cable being out of service 
during a primary fault was examined by 
calculating the division of fault current 
through the entire network with a short 
on a primary feeder. Studies showed 
that all protector fuses on the faulted 
feeder would blow without damage to 
equipment. This situation should apply 
to any network designed for adequate 
burn-off characteristics. 

Many failures of network protectors 
to clear primary faults are due to troubles 
in the network protector mechanisms. 
Since more than one-half of all network 
operations are classed as ‘“‘miscellaneous’”’ 


Figure 6. Tests illus- 
trating integrity of re- 
mote control when 
exposed to a 7,000- 
ampere short circuit 
on adjacent power 
cable 


Network Protectors 
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or unintentional‘ a control system which 
eliminates practically all of such opera- 
tions should result in improving the per- 
formance records of network protector 
mechanisms for the same frequency of 


“maintenance. 


Maintenance 


All devices have been applied with 
ample margin, especially those located 
inside the network protector housings. 
For example, the continuous current 
through the copper-oxide rectifier is less 
than 25 per cent of the rated current of 
this unit. The normal rectifier resistance 
is under 10 per cent of the total series 
circuit permitting wide variations with 
temperature without seriously affecting 
the value of operating current. Although 
it is not required for reliable action, the 
pilot wire operating current may be held 
within 10 per cent of its rated value by 
means of tapped resistors located in the 
substation even if aging of a rectifier unit 
should raise its forward resistance to as 
much as five times the normal value. It 
is evident that there are no fine adjust- 
ments to be made to the protective equip- 
ment even on the more accessible ap- 
paratus located at the substation. Pro- 
tective maintenance then becomes pri- 
marily a matter of repairing any failures 
in the control cable. 

A control system which eliminates 
practically all unintentional protector 
operations should reduce trouble and 
expense of maintenance on the network 
protector mechanisms. It has been noted 
on power systems that an oil circuit 
breaker which is approaching a stage of 
uncertain operation due to sticking, weak 
springs, wearing of latches and rollers, or 
similar causes will frequently give fore- 
warning of such a condition by operating 
sluggishly on the tripping operation if it 
has been standing closed for sometime 
(although subsequent operations for tests 
may be at normal speed), or by failing to 
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latch on the first attempt to close it. It 
seems entirely probable that a system 
which calls audible and visible attention 
of the operator to any initial failure to 
latch or to any sluggishness in open'ng of 
a particular network protector will aid in 
a program of maintenance which should 
forestall many mechanical failures. 

In contrast with a remote-control sys- 
tem the conventional network-protector 
relays must be adjusted very closely and 
slight variations in their characteristic 
due to temperature, corrosion, and loose 
connections, are quite serious. Many 
have found the maintenance and tests of 
network relays to be extremely difficult 
when performed at the network protector 
location® and two leading manufacturers 
now supply readily detachable relays so 
that these may be checked in the labora- 
tory and then installed in the network 
protectors. 


Additional Operating Features 


Design of protective equipment has 
been concentrated on securing a thor- 
oughly reliable installation at reasonable 
cost and it is planned that no other 
features will be added until after con- 
siderable experience and study of the 
present installations. However con- 
sideration may be given in the future to 
the installation of temperature and pres- 
sure relays in each network transformer 
using existing remote-control pairs. One 
possibility would be to permit the tem- 
perature and pressure contacts to send 
an alarm or tripping impulse over a 
common pair for all the units on one 
feeder cable with auxiliary contacts to 
trip the protector at the transformer 
involved and open its d-c control circuit 
thus providing instantaneous indications 
at the substation of the number and 
location of transformers involved with- 
out the use of coding. Consideration has 
sometimes been given to differential pro- 
tection of network transformers but there 
has been no means of tripping the high- 
voltage feeder in case of low-voltage 
transformer trouble. One common pair 
for each feeder could be used for such a 
purpose, using the individual control pair 
for indicating the location of the trans- 
former which had caused the feeder to 
trip. 

Individual control of the network units 
can be used to considerable advantage 
without installing additional equipment. 
Consideration is being given to the in- 
stallation at the substation of three sen- 
sitive single-phase wattmeters of low cur- 
rent range which may be connected to 
the current transformers on any feeder 
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by means of transfer switches. Auxiliary 
current transformers would be connected 
wye-delta and used to bring wattmeter 
current in phase with current at the 
network-protector terminals. After a 
secondary fault or on any routine basis 
the operator can open a group of network 
protectors associated with the feeder and 
then close one of them with individual 
control jacks. The wattmeters may then 
be switched to the feeder supplying the 
one network unit and wattmeter readings 
would instantly show if there were any 
fuses which had blown during secondary 
trouble or due to mechanical .defects.® 
Readings could be taken one at a time 
on all the network units on one feeder in 
a few minutes. Such a procedure would 
also indicate possible overloads on any 
transformer unit. This scheme has been 
tried using a special portable wattmeter 
and indications of a blown fuse are quite 
positive. Readings obtained from this 
method from the substation on individual 
units check very closely with current 
readings taken at the vaults. 


Conclusions 


1. The remote-control system de- 
scribed can be applied to the protection of 
many network systems at reasonable cost 
and in some cases at a substantial saving 
in cost over systems with conventional 
relays. 

2. The remote-control system offers 
distinctive advantages in simplicity, flexi- 
bility, freedom from pumping, decreased 
maintenance trouble and expense on 
telays and protector mechanisms and 
suitability for a wide range of supply 
systems. 

3. Operating experience must provide 
the final proof of the adequacy of any 
protective system, and the relatively low 
rate of primary failure on an under- 
ground network may require that such 
operating experience continue over a 
period of several years for conclusive 
results. Nevertheless it is felt that care- 
ful consideration has been given to all 
features and that operating and _ short- 
circuit tests have been carried far enough 
to predict excellent operation. Previous 
experience with pilot-wire circuits and 
their supervision points toward a pro- 
tective design of high reliability. 
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Discussion 


L. H. Hill (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): Messrs. 
Brownlee and Dent have developed a low- 
voltage a-c network system devoid of all 
sensitive and unnecessary relays, without 
sacrificing the flexibility of the more compli- 
cated automatic non-pilot-wire control sys- 
tems. In addition it provides the means for 
controlling the operation of any one of the 
switches between the transformer and the 
low-voltage mains. 

Continuous supervision of the pilot cir- 
cuits, and their subdivision into small parts, 
without complication, should prove entirely 
satisfactory. It is a scheme that may be 
applied to systems of any primary voltage 
without introducing the complications that 
would follow with other known pilot-wire 
systems. 

The Brownlee-Dent system should find 
wide application in the smaller areas where 
the cost of duct space is nominal or of course 
also in larger areas if pilot wires can be 
economically installed. 


J. B. Hodtum (Allis-Chalmers Manufactur- 
ing Company, Pittsburgh, Pa.): From a 
description of the authors’ pilot-wire-con- 
trolled system, it appears that they have 
greatly simplified the operation of low- 
voltage a-c network systems. The third 
conclusion of their paper will really prove the 
merits of this system, 

There is some background of course for 
the use of pilot-wire-controlled circuits as 
they have had wide use in Europe, especially 
in England. It seems that the authors have 
taken every possible precaution to supervise 
continuously and to guard against failure 
of any part of the control system involving 
the entire feeder. As pointed out, the con- 
trol system may be extended to include, for 
example, differential protection of individual 
transformers which may even be made auto- 
matically to disconnect a feeder. It is 
questionable, however, whether automatic 
tripping of a feeder due to trouble, in a single 
unit, is advisable. 
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hak 
; It appears that this system may be an 
udvance in the art in that it permits indi- 
v dual transformers to carry loads in the 
reverse direction, since such operation would 
really mean that energy is being transferred 
from one part of the low-voltage system to 

other part over the high-voltage feeders 
instead of through the low-voltage network 


itself, 


E. E. George (Tennessee Electric Power 
Company, Chattanooga): The authors 
have touched lightly on several important 
features of this new remote-control system. 
One feature is the possible use of control 
cables leased from a communication com- 
pany. In Chattanooga and Nashville it 
was found that the telephone company 
could reach each transformer vault with a 
control pair over an underground route 
separate from the power route. This instal- 
lation would usually be through the build- 
ing adjacent to the transformer vault. 
However, the availability of a large amount 
of excess duct space made power-company- 
owned control cables somewhat cheaper. 

If the communication company could 
establish a group rate for several pairs in 
the same area or in the same cable, avoiding 
long central-office loops there ought to be a 
considerable field of future business in cer- 
tain cities that might use this new network 
control. 

A feature that has appealed strongly to 
the operating, maintenance, and construc- 
tion departments has been the availability 
of telephone service in each transformer 
vault. The portable telephones used by the 
underground crews and test engineers are 
furnished by the telephone company and 
permit ready communication between vaults 
and with the distribution dispatcher, as- 
sistant dispatchers, maintenance super- 
visors, and all other points. 

This new system with its manual group or 
individual control of protector opening and 
closing by the operator at the supply station 
may be attractive to the metropolitan com- 
panies requiring sectionalizing in case of 
shutdown. We would like to have comments 
from those more familiar with this problem. 
Although about everything possible has 
been done to test out the new system, the 
real test will be the emergencies that may 
occur in the future without engineering, 
test, dispatching, and maintenance depart- 
ments right on the scene. Such emergencies 
occur rarely, and it is hoped that other com- 
panies will make installations of this type of 
remote control so as to expedite the de- 
velopment work and to provide service for 
the benefit of the industry in general. 


L. F. Kennedy (General Electric Company, 
Philadelphia, Pa.): The authors have made 
the statement that the limits placed on the 
closing characteristic of the network relay 
are due to the imperfect selectivity of its 
tripping characteristic. I should rather say 
that all the limits under which the network 
relay must operate, either to trip or reclose, 
are brought about by combining in one de- 
vice both protective and control functions. 
It naturally follows that the device which 
meets these requirements needs more main- 
tenance to insure reliable operation. T he 
authors’ familiarity with other protective 
relays will bear out the statement that as 
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the operating requirements become more 
severe, the maintenance is increased. 

The authors have installed the pilot-wire 
system at a saving in cost over the con- 
ventional network protector, At the same 
time they indicate savings in maintenance 
through the use of their system, But this 
has been done by setting up a new set of 
requirements, or rather the waiving of some 
of those normally met by low-voltage net- 
work protectors, and it would seem proper 
that any economic comparison then should 
be made between a network protector and 
a pilot system fulfilling the same require- 
ments. 

Relay equipment to trip on feeder faults 
only would be relatively simple, and if 
reclosing were permitted whenever the feeder 
voltage is approximately normal (corre- 
sponding to primary network practice), the 
over-all relay picture would be considerably 
changed. With such equipment relay and 
protector maintenance could be reduced 
and, since the protectors would operate 
only under short-circuit conditions, longer 
life would be obtained. 

The pilot system operates basically in 
the same manner as the protector but in 
addition provides continual indication of 
each protector position and permits manual 
operation of the protectors either singly or 
by groups. The value of indication and con- 
trol, even if considered to be small, is an 
item favorable to the pilot system. 

It would seem necessary, therefore, to 
draw up a new set of operating require- 
ments wherein the desired relay character- 
istics are definitely shown and then com- 
pare installed cost and maintenance of the 
two systems. If on such a comparison the 
pilot system is shown to be less expensive, 
it can unquestionably be justified. If the 
pilot system is more costly, it may still be 
justified by evaluating the indicating and 
control features. 

I have purposely omitted any considera- 
tion of relative reliability in the foregoing 
comments. With simpler relay equipment 
I should be inclined to consider it more re- 
liable than the pilot, but this is admittedly 
largely my own personal opinion. Cer- 
tainly experience of the past few years has 
demonstrated that a pilot system of this 
type will show a high degree of successful 
performance. Given an equal amount of 
experience with both systems, perhaps the 
reliability should be considered equal. 

To me the successful operation of the 
authors’ system opens up the whole ques- 
tion of operating requirements of low-volt- 
age networks. It is perhaps possible that 
these requirements have been made too 
severe and that we may see in the near 
future a general lessening of them accom- 
panied by a reduction in maintenance ex- 
pense on the whole system. 


F. Von Voigtlander (The Commonwealth 
and Southern Corporation, Jackson, Mich.): 
The system of remote control of network 
protectors described in this paper appears 
to be a considerable advance in control 
systems of this type, and at the same time it 
achieves that goal sought by all of us, that 
of obtaining something better at a lesser 
cost compared to conventional methods. 
The installation cited for a basis of com- 
parative costs, involves a total of 60 net- 
work-protector units. There is, no doubt, a 
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minimum system to which it would be eco- 
nomical to apply a network control scheme 
of this type. I would like to ask the authors’ 
opinion of the approximate size of such a 
minimum system. 


T. G. LeClair (Commonwealth Edison Com- 
pany, Chicago, Ill.): A pilot-wire scheme 
for the control of network protectors is 
naturally of more interest to a Chicago engi- 
neer than any other because the Common- 
wealth Edison Company has made wider 
use of pilot-wire relay protection than per- 
haps any other metropolitan utility. Also, 
the operating record of the pilot-wire relay- 
ing system has been much better than that 
of other relaying systems, For many com- 
panies the cost of the pilot-wire control 
scheme for networks would be materially 
increased because of the duct cost which 
must be added to the cable cost. However, 
for larger cities a majority of the pilot cable 
would be installed in large duct sections 
where the central ducts cannot be used for 
power cables due to temperature limita- 
tions, but are available for pilot or control 
cable. Therefore, a large part of the duct 
cost charged to the pilot cable would be 
more theoretical than real. 

The pilot-wire system suggested by 
Messrs. Brownlee and Dent might even be 
extended to include greater protection than 
at present by the addition of differential 
relays on the network transformers and a 
tripping circuit which would trip the pri- 
mary and all the secondary breakers auto- 
matically for a fault on the transformer 
secondary in the zone now unprotected. 

One missing feature of the scheme sug- 
gested in the paper is the inability to trip 
on back-feed through the network units 
without the use of the control equipment at 
the supply end. This is probably only of 
importance for a system fed from two inde- 
pendent sources where it is desirable 
automatically to transfer the entire network 
load to one source in the event of a major 
catastrophe which would make the feeder 
circuit breakers inoperative due to fire or 
explosion in the other source. 

An item of maintenance expense which 
might be important in metropolitan sys- 
tems is the relatively large number of cable 
cutovers which would be necessary on the 
pilot cable as the network system grows and 
transformers are frequently transferred from 
one feeder to another, either singly or in 
groups. 


Chase Hutchinson (Tennessee Public Serv- 
ice Company, Knoxville): This type of 
system should appeal to many operating 
men since it offers a means of securing al- 
most any desired information on vault con- 
ditions and at a low cost. Load, tempera- 
ture, pressure, and other indications of 
condition can be transmitted, either to in- 
form the operator, trip the vault protector, 
or trip the entire circuit. It eliminates 
much of the loss of time in checking pro- 
tector positions and almost immediately 
locates a protector which sticks in the 
closed position. 

Balancing some of these attractive ad- 
vantages are some disadvantages the writer 
believes deserve careful consideration: 


1. What is going to happen if a street cave-in or 
duct-line failure occurs? Can the network system 
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be depended upon successfully to blow simul- 
taneously the required number of protector fuses? 


2. In most cases the question of duct cost for the 
pilot cable cannot be neglected. 


8. Since the pilot wire cost varies with the length 
of the feeder, and the network relay cost varies 
with the number of transformers, it appears the 
“beginning’’ cost of the pilot wire system might be 
higher than the conventional protector. 


4, In attempting to peer into the future capital 
cost of these systems, one is inclined to argue thus: 
The pilot wire system is largely made up of ‘“‘pro- 
duction items,’’ and to a considerable extent is as- 
sembled in the various transformer vaults and 
manholes. The cost of this type of work is apt to 
increase in future years. On the other hand, the 
conventional protector has had to stand an enor- 
mous development and advertising cost. The present 
version is reliable, and with general acceptance of 
the system at hand it seems reasonable to believe 
the cost of protectors will decrease in the future 
years. 


5. The spot network using pilot-wire protectors 
may be prohibitively expensive. 


It appears to the writer that the system 
devised by Brownlee and Dent is compa- 
table to the conventional network protector 
system equipped with supervisory control, 
consequently, where supervision of the pro- 
tector and vaults is considered necessary, 
the scheme appears to offer a lower cost 
method. 


J. H. Neher (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): The use of low- 
voltage a-c networks is in general limited to 
relatively large urban load centers, and as a 
result not many relay engineers have need 
to study this phase of the relay art. Despite 
this fact, however, all relay engineers can 
well profit by a careful study of this paper. 
The straightforward manner in which the 
authors, unencumbered by previous notions 
as to how network feeders could be relayed, 
have produced a new system, designed from 
the ground up to do the specific work at 
hand, should be a good guide in the design 
of other types of relay systems. 

The authors’ tests demonstrating the in- 
dependence of the control circuits with re- 
spect to short circuits in the power circuits, 
are most interesting. The results of these 
tests, together with the relatively low cost 
of installation of the control cables, open up 
a large field for the use of power company 
owned-and-installed communication circuits 
for relay protection and remote control. 


W. R. Brownlee and W. E. Dent, Jr.: 
The beginning cost of a remote-control net- 
work system will naturally be greater per 
network transformer than the complete 
installation as pointed out by Mr. Hutchin- 
son. The answer to this question and also 
to Mr. Von Voigtlander’s question con- 
cerning the minimum size network system 
to which remote control could be applied 
economically is best given by considering 
specifically the present status of the Chat- 
tanooga network. The control equipment 
cost per network transformer is determined 
partly by the fixed terminal cost at the sub- 
station, but more by the length of control 
cables as determined by the distance from 
the supply station to the beginning load 
center. In the case of the Chattanooga 
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network the supply substation for the pres- 


ent three-cable system is 0.8 mile from the | 


load center of a small area, resulting in a 
control equipment cost of almost exactly the 
value of the price reduction of the network 
protectors. The demand of the present 
Chattanooga network is 1,500 kw which 
could be considered as the minimum system 
(based on cost alone) with the supply point 
approximately one mile from the load center. 

As pointed out by Mr. LeClair and Mr. 
Hodtum the remote-control system lends 
itself to the ready application of differential 
protection of network transformers. In 
conventional systems the protectors or 
backup fuses will usually separate the net- 
work from a short circuit on the secondary 
of a transformer but proper co-ordination of 
the high-voltage feeder relays prevents auto- 
matic disconnection of the primary feeder 
in case of transformer secondary trouble. 
Probably protection of this zone has been 
omitted due both to the inherent difficulty 
of such protection and to the infrequency of 
transformer faults involving the secondary 
only. 

The authors do not agree altogether with 
Mr. Hodtum that differential protection of 
network transformers should merely sound 
an alarm at the substation. Present remote 
indicating equipment transmitting indica- 
tions of over-temperature or over-pressure 
of a network transformer do not usually 
trip feeder breakers, since their indication 
is not altogether positive and since it may 
indicate merely a secondary fault between 
turns which would gradually build up pres- 
sure over a period of minutes or even hours. 
Since most of these present systems are 
looped through all transformer vaults and 
depend on coded signals for determination 
of the transformer in trouble they are not 
suitable for instantaneous disconnection of 
a feeder if such were desired. It is the 
authors’ opinion that any fault in a trans- 
former sufficient to operate a differential 
relay requires immediate action and should 
be disconnected within a few cycles. Prob- 
ably the general application of differential 
protection will be governed by the frequency 
and seriousness of faults beginning on trans- 
former secondaries and also by the effective- 
ness of temperature and pressure devices, 
many of which have been installed in the 
last three or four years. 

Mr. LeClair raises a pertinent question 
in cases where a network is supplied from 
two or more busses in the same or different 
substations. Naturally a major failure of a 
feeder oil circuit breaker could prevent this 
breaker from clearing a short circuit or 
even from opening mechanically. Usually 
differential or backup-type bus protection 
will be employed to disconnect all sources 
of power from the bus and extra contacts 
of the bus protection auxiliary tripping re- 
lay should be connected to the shunt coil 
of the reversing relay (device 48 of figure 1) 
of each feeder, thereby preventing the net- 
work from feeding the short circuit regard- 
less of the condition or position of the feeder 
breaker. 

Mr. MHutchinson’s question regarding 
duct-line failures apparently considers a 
serious and infrequent disturbance of such a 
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nature as to destroy first one or more con- 
trol cables and second the power cables as- 
sociated with those particular control 
cables. The calculations mentioned in the 
paper in connection with this extremely 
remote possibility considered a fault on one 
of the three or four primary cables with its 
protection completely removed and it was 


found that the backup fuses would operate 


without damage to equipment. These net- 
work systems have not been designed to 
operate with two cables out of service on a 
three-cable or four-cable system and conse- 
quently no studies have been made of simul- 
taneous faults on two or more primary cables 
with protection previously removed. 


Mr. LeClair’s question regarding mainte- 


nance expense of transferring control cables 
when network transformers are transferred 
from one feeder to another is rather difficult 
to answer. Obviously a reconnection of 
cables at the network units would involve 
appreciable maintenance expense. One pos- 
sibility would be to leave the secondary 
cables connected at the network transformer 
end and merely exchange pairs between ad- 
jacent control panels at the substation end. 
Proper coding of the control cables would 
permit ready identification of pairs from a 
key drawing showing the routing of each 
separate control pair. The result of having 
three or four pairs of one feeder located in 
the 25-pair control cable for another feeder 
is not as serious as it might seem. The re- 
sistance of terminal equipment at the sub- 
station in series with each control pair is 
enough to limit short-circuit current in a 
control cable to a few tenths of an ampere. 
The voltage on the pairs is maintained at 
approximately 65 volts to ground through a 
resistance of some 40,000 ohms (see figure 1). 
Furthermore the accidental short-circuit- 
ing, open-circuiting, or grounding of a 
control pair does not result in improper 
operation of any network protector and ac- 
cordingly all construction splicing and 
maintenance of control cables can be made 
if desired without removing battery supply 
from the cables. 

The authors cannot agree with Mr. Ken- 
nedy that any network operating require- 
ments have been waived, but are convinced 
that the long list of requirements of con- 
ventional relays are solely for the purpose of 
fulfilling properly the simple operating re- 
quirements outlined in the paper. Even if 
operators were willing to waive the discon- 
necting function of network protection, 
and send a man to each vault whenever a 
clearance is required, it is doubtful if much 
simpler equipment can be readily designed 
to trip on feeder faults only. That is, con- 
ventional relays set insensitive enough to 
prevent improper operation on various 
power reversals might not be sensitive 
enough to operate in case of a ground on a 
primary cable using customary delta-wye 
network transformers and_ shielded _pri- 
mary cable. The authors are pleased to 
have a manufacturer who sells large numbers 
of network protectors confirm their opinion 
that protector maintenance will be reduced 
and operation improved if all ‘“‘miscellane- 
ous”’ 
nated. 
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Positive-Grid Clerecteristics of Triodes 


By RICHARD W. PORTER 


ASSOCIATE AIEE 


Synopsis: The total emission current in a 
vacuum tube can be expressed by the fa- 
miliar space-charge equation. This paper 
shows theoretically that the ratio of plate 
current to total current should be a function 
only of the ratio of grid to plate voltage, 
and introduces experimental data to show 
that the function can be represented by a 
single exponential term. The exponential 
function is combined with the space-charge 
equation to obtain an empirical equation 
for the positive-grid plate-current charac- 
teristic. A simple, experimental method of 


obtaining the constants in this equation is 
described. 


es NEED for higher efficiency in 
radio-frequency power amplifiers 
makes it desirable to operate vacuum 
tubes with grids strongly positive for a 
short interval in each cycle. When the 
grid of a tube becomes positive, not all the 
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CATHODE — 
Possible electron paths in tube with 
positive grid 


Figure 1. 


electrons which leave the cathode will go 
to the plate; some of them will be col- 
lected by the grid. Therefore, the plate- 
current equation! which has been used 
for negative and low positive grid poten- 
tials assuming negligible grid current, 
will not apply. This paper presents a 
modification of the usual equation which 
takes account of the division of current 
between grid and plate. The object is 
to obtain a simple expression which will 
give approximately correct values of 
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plate current when the grid is strongly 
positive, rather than to attempt to ana- 
lyze in detail the various phenomena 
which occur within the tube. 


Total Space Current 


It has generally been assumed that the 
basic space-charge equation 


i = Rep + ne)" 


holds equally well for both positive and 
negative grid potentials, provided the cur- 
rent 7 includes all the electrons which 
leave the cathode, both those that go to 


make up the grid current and those that . 


go to the plate. This assumption follows 
from the usual derivations based on the 
work of Langmuir? and Van der Bij,’ pro- 
vided there be sufficient emission from 
the cathode to maintain the space charge, 
and that there be no unusual interaction 
between electrons after they leave the 
cathode space-charge region. Its valid- 
ity is strikingly illustrated by the con- 
stancy of the total current in the follow- 
ing data for the Radiotron UV 207 in 
which grid and plate voltages were 
varied holding constant the sum of the 
plate voltage plus the grid voltage times 
the amplification factor. 

The equation for the total space current 
can therefore be written 


tp + ty = k(ep + neg)” (1) 


where k, uw, and m are constant and have 
the same values when the grid is positive 
as when it is negative. 


Division of Current 
Between Grid and Plate 


In considering the problem of current 
division between the grid and the plate, 
first examine the path of a single electron 


Figure 2. Current division in type-46 tube 
with grids connected together 


Porter—Triode Characteristics 


which is emitted from some point on the 
cathode with negligible velocity. It will 
move as shown in figure 1 through a com- 
plicated electric field pattern, perhaps 
reaching the grid, perhaps the plate. If 
the grid and plate voltages are increased 
but kept in the same ratio, the magnitude 
of the field at any point will increase, 
but the field pattern will remain the 
same. Under these conditions, it seems 
reasonable that the electron paths also 
should remain the same, although the 
velocities may increase. This fact is 
proved mathematically in appendix A. 
The destination of any particular elec- 
tron, therefore, will depend only on the 
ratio of the grid voltage to the plate 
voltage. 

Generalizing from the single electron 
to many electrons, there follows the im- 
portant conclusion that the division of 
current between grid and plate should be 
a function only of the ratio of grid to 
plate voltage, and for any given ratio 
should be independent of the magnitudes 
of these voltages. The assumptions im- 
plied in this generalization are, (1) no 
emission of electrons by grid or plate, (2) 
no interaction between electrons after 
they leave the cathode space-charge 
region, (3) negligible initial velocity, (4) 
no interaction between the electrons and 
gaseous molecules. The nature of the 
functional relationship must be such that 
the ratio of plate current to total current 
will be unity when the grid voltage is 
zero, and will approach but never become 
zero as the ratio of grid to plate voltage 
becomes large. 


Experimental Data 


Data taken by the writer for the type- 
46 tube at high positive grid voltages tend 
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Figure 3. Current division in type-46 tube 
with grid 2 connected to plate 
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Figure 4. Current division in Westinghouse 
EX 50 50-watt triode 


to confirm these predictions and at the 
same time to justify the assumptions on 
which they were based. See figures 2 and 
3, in which the ratio of currents is shown 
as a function of the ratio of voltages for 
various values of grid voltage. Except 
for the secondary effects which were as- 
sumed negligible, all the curves for each 
tube should be exactly the same. Simi- 
lar curves have been plotted from data 
taken by Kozanowski and Mouromtseff* 
for the Westinghouse EX 50 tube and 
from published data on various RCA and 
General Electric tubes. Of these latter 
the UV 207 shows the highest discrepancy 
and the FP 169 the least. It is significant 
that the UV 207 characteristics show 
large secondary emission currents from 
the grid, particularly in the region of 
largest discrepancy, whereas secondary 
emission is not prominent in the FP 169. 
Data for the EX 50, the UV 207, and the 
FP 169 are shown in figures 4, 5, and 6. 

These comparisons lead to the con- 
clusion, perhaps already foreseen, that 
secondary emission is the principal reason 
for the failure of the current ratio to be 
a simple function of the voltage ratio. 
However, the greatest divergence ob- 
served was only about 17 per cent, or 
nine per cent variation from the mean. 
For the region near E, = E,, the greatest 
variation to be found in the published 
data is less than four per cent from the 
mean. Errors in measurement and draft- 
ing are sometimes as great as this. 

The exact nature of the relationship 
between the current ratio and the voltage 
ratio depends on the construction of the 
tube and is too complicated a matter to 
treat here. However, its general form is 
that of an exponential. It will be as- 
sumed therefore that all tubes can be 
represented by 


tp —a €g /€; 
Se eG a &g (ep (2 
lp + ty 
where a is a constant used to fit the equa- 
tion to the data. For practical purposes 
it is usually well to choose a so the curve 
will match the data at e, = e,, for it is 
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Figure 5. Current division in Radiotron UV 
207, SKW triode 


in this region that a tube delivers most 
of its useful power as a high-efficiency 
radio-frequency power amplifier. Repre- 
sentative exponentials are shown in 
dashed lines in figures 2 to 6. The error 
in this assumption is seen to be approxi- 
mately the same as that introduced by 
assuming the existence of a simple func- 
tional relationship between ratios. 


Plate Current 


Combining the expression for total 
space current (1) with that for the frac- 
tion which goes to the plate (2), we obtain 
an equation for the plate current alone 


typ = Rep + pez)" 0 /%P (3) 


This equation as it stands is correct only 
when e, and e, are both positive. When 
the grid is negative the exponential 
term remains equal to one and when the 
plate is negative, it is zero. 

It is not necessary to have complete os- 
cillographic data on a tube in order to 
evaluate the constants of equation (3). 
They can be determined by a few simple 
measurements of plate and grid current 


at low voltage. For the composite 
diode characteristic e, = e, equations 
(1) and (3) become 

ty = RCL + Me Fie (4) 
tp IF 1g ay Rk aF pegs (5) 


Taking the logarithm of both sides, 


log tp = log {k(1 ao y)"} + n loge — « 
(6) 


log (tp ap PP) = log {R(1 ar u)”} nl 
n log eg (7) 


Equations (4) and (5), plotted to loga- 
rithmic co-ordinates, will be parallel 
straight lines having slope n. The inter- 
cept of (5) at e, = 1 will be equal to 
k(1 + pw)" and the ratio of the intercepts 
will be e~*. Thus the constants can all 
be found from the plate and grid current 
data for a composite diode characteristic 
and the value of u, which may be de- 
termined in any of the usual ways. 


Porter—Triode Characteristics 


Figure 6. Current division in General Electric 
FP 169, 150-watt triode 
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PLATE VOLTAGE 


Figure 7. Positive-grid plate characteristic of 
type-46 tube, grid 2 connected to plate, 
showing comparison with calculated points 


Figure 7 shows the agreement between 
equation (3), with constants determined 
by the composite diode characteristic, 
and an oscillographic measurement of the 
characteristics of a type-46 tube con- 
nected as a low-mu triode. The greatest 
error is less than ten per cent and occurs 
in a relatively unimportant part of the 
characteristic. 


Grid Current 


Subtracting equations (1) and (3) the 
grid current is found to be 


ig = k(ep + wep)"[1 — 2 %0/¢P) (8) 


When the constants for this equation are 
determined from the diode characteristic, 
it will hold very well for points near e, = 
e, Where the grid current js large. Al- 
though not nearly so accurate as the 
plate-current equation, the grid-current 
expression is a welcome aid in approxi- 
mating the grid current and driving power 
in radio-frequency amplifiers. 


Summary 
It has been shown that the equation 


ip = k(ep + pe,)e—* %0/ eR 


will give values for the plate current of 
a triode in which the plate and grid are 
both positive, correct to within about 
ten per cent for a wide variety of tubes 
and voltages. The two most important 
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proximations to which it is subject are 
(1) that secondary emission from the grid 
is negligible, (2) that the relation between 
tp/ (ip + tg) and e,/ep can be represented 
by an exponential for any tube. Values 
for the constants in this equation were 
determined from a composite diode char- 
acteristic at low voltage and found to be 
accurate at much higher voltage and cur- 
rent. Finally it was seen that the grid 
current could be obtained approximately 
by taking the difference between this 
expression and that for the total space 
current. 

This mathematical expression for posi- 
tive-grid tube characteristics is extremely 
simple in form and sufficiently accurate 
for engineering purposes. It is valuable, 
because it avoids complicated and expen- 
sive oscillographic measurements of tube 
characteristics, and because it provides a 
new basis for attacking practical vacuum- 
tube problems. 


Appendix A 


Consider the path of a single electron 
which starts from some point on the cathode 
with negligible velocity. Its dynamical 
equations in rectangular co-ordinates will be 


d*y e 
a = bu ¥) (la) 
d*x e 
ie E,(x, y) (2a) 


where E,(x, y) and E£,(x, y) are scalar func- 
tions of the co-ordinates x and y, equal to 
the field intensity along the x and y axes, 
respectively. It is assumed that £; is zero. 

Equation (1a) may be written in the form, 


d 
d (22) = (+) Ey, (x, y) dt (3a) 
or 
(2)4(2) = (=) E,(x, y) dy (4a) 
dt dt m 
Integrating (4c) 
y 
1 (2) s (=\f E, (x,y) dy (Sa) 
2 \dt m 
Yo 
Similarly from equation (2a) 
+() a (<) fz (x, y) dx (6a) 
2\dt m 
Dividing (5a) by (6a) 
y 
{jf E,(x, y) dy 
ay\? 3 (ra) 
dx 2 


it E,(x, y) dx 


xo 
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Equation (7a) is the differential equation 
of the path of the electron, the time element 
having been eliminated. Now if the grid 
and plate potentials are increased or de- 
creased in the same ratio, Ey and Ey will 
both be increased or decreased by the same 
constant multiplier, which may be removed 
from the integral signs and divided out. 
Consequently, for any tube the path of a 
single charged particle emitted by the 
cathode is a function only of the ratio of 
electrode voltages, and not of the magni- 
tudes. 


Nomenclature 

t = current in amperes 

ty = grid current in amperes 

t = plate current in amperes 

“ = constant, amplification factor 

k = constant, conductance factor 

m =constant, space-charge exponent 
theoretically equal to 3/2 

e = constant, distribution factor 

€> = plate voltage 

€g = grid voltage 

e/m = ratio of charge to mass for an elec- 
tron 

Ey = y-component of electric field inten- 
sity 

E, = x-component of electric field inten- 
sity 
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Discussion 


Karl Spangenberg (Stanford University, 
Calif.): Mr. Porter is to be commended for 
a clear-cut presentation of the factors in- 
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Porter—Triode Characteristics 


volved in the positive-grid characteristics 
of triodes. 

A limitation of the particular fundamental 
relationship assumed may however be indi- 
cated. The assumed relationship is of the 
form 


y = eat 


This form permits of the selection of but 
one parameter in fitting the empirical for- 
mula to the observed experimental data. 
That is, it is only possible to fit the empiri- 
cal formula to the observed data at one 
point. Since a choice of ordinate and 
curvature are not independent in the 
assumed form the rest of the curve may or 
may not fit the experimental form. 

The fundamental relationship assumed by 
Porter for the ratio of plate to space- 
current leads to an admitted error of con- 
siderable magnitude in the derived expres- 
sion for grid current. This may be ex- 
pected from the fact that while the diver- 
sion of a fraction of the space current to the 
grid is a second-order effect as far as plate 
current is concerned, it is a first-order effect 
for grid current. 

A possible alternative basic relation is one 
of the form 


tp/tg —s f(€p/e,) 


This form was proposed by early German 
investigators Tank! and Lange.? They 
showed that the functional form was a 
simple power of the ratio ep/e, for which 
the exponent has very nearly the value 
1/. for all tubes. The coefficient, however, 
varies from tube to tube. This relation 
has been verified by the writer for small 
modern transmitting tubes.* Essentially 
the same result was arrived at independently 
by Myers.4 This permits the use of the 
basic equation 


tp/tg = 5(€p/ey)” 


which permits the selection of two parame- 
ters, the exponent and the coefficient. 
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This form further expresses the relation in 
terms of the current ratio which experiences 
the greatest variation with voltage. 

The coefficient and exponent in the above 
form are readily obtained by plotting zp/ig 
against e,/eg on log-log paper. The ex- 
ponent is the slope of the straight-line char- 
acteristic obtained and the coefficient is the 
intercept upon the ordinate at e,/eg = 1. 
Such a plot is shown in figure 1. It will 
be observed that for values of ep/e, greater 
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than one the curves are almost coincident 
straight lines with about the same slope 
which measures to be nearly 1/2. It should 
be mentioned that no satisfactory theo- 
retical explanation has as yet been given for 
the apparent universality of this value of 
the exponent in this region. 

A further advantage of a plot of the type 
shown in figure 1 which may be mentioned 
is that it reveals readily any changes in 
the functional form which may occur in the 
ratio tp/%z. Such a change occurs in the 
curves of figure 1 for values of e,/e, of about 
0.8. For values of ep/eg less than 0.8 the 
exponent as determined by the slope of the 
curves has a new value. The change to 
the new exponent occurs when the ratio ep/eg 
becomes sufficiently small so that some of 
the electrons which initially miss the grid 
are deflected strongly enough so that they 
are unable to reach the plate and fall back 
into the grid wires. For values of eép/e, 
greater than 0.8 all the electrons which 
initially miss the grid wires are received by 
the plate. 

It should be pointed out that the coinci- 
dence of the curves in a plot like that of 
figure 1 depends upon the complete ab- 
sence of secondary emission. Even the 
slightest traces of secondary emission will 
destroy the coincidence. Figure 2 shows 
the form of the curves for a tube with a 
slight amount of secondary emission. It 
will be observed that the curves are no 
longer coincident except in the vicinity of 
€p/€g Where the exchange of secondary 
electrons between plate and grid tends to 
compensate. All of the curves given by 
Mr. Porter show considerable secondary 
emission by their similarity to the curves 
of figure 2 when plotted in that form, No 
satisfactory expression for current division 
in the presence of secondary emission has as 
yet been found. 

It was not found possible to make the 
data of figure 1 fit Mr. Porter’s equation 
because the value of a which made the 
curve have the proper value for e,/eg = 1 
gave a curve whose curvature was much too 
small. 

This is shown in figure 3 where the curves 
of figure 1 have been replotted for com- 
parison. It is seen that the exponential 
function which matches the measured 
values for ep/e, equal to one is a poor fit for 
values less than this. If, however, an em- 
pirical curve of the form 


y = 1 — kx” 


is used there are two parameters to select. 
A particular ordinate and curvature can be 
selected independently, and a much better 
fit to the observed values can be obtained. 
In this empirical formula the coefficient 
determines the intercept upon é¢,/e, = 1 
and the exponent the curvature. This 
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Tests on and Performance of a 


High-Speed Multibreak 138-Kv Oil 
Circuit Breaker 


By PHILIP SPORN 


FELLOW AIEE 


The History and Results of High- 
Speed Breaker Development 


IGH-speed-oil-circuit-breaker devel- 
opment was really started in the 
period 1929-1930 and the first tests with 
high-speed 138-kv breakers were made at 
Philo in July 1930. The results of these 
tests, both from a breaker-design stand- 
point and from a system viewpoint, were 
described some seven years ago. At 
that time it was definitely expected that 
operating benefits would be obtained out 
of the additional high speed but the 
problem of high speed was not yet then 
an acute or pressing one. 
Parallel with that, although really ante- 
ceding that, was the development of high- 
speed relaying. This was first developed 
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in what proved to be an impractical form 
in 1926. The original aim at that time 
was for a universal relay system that 
would operate, that is, would give an 
impulse to the breaker trip circuit within 
20 cycles. The two developments went 
along in parallel although actual practical 
achievement in breaker speeds was at- 
tained much earlier than the relaying. 
However, by 1935 both achievements 
had been brought to such a state of per- 
fection that it was entirely a routine mat- 
ter to be able to get a six-to-eight-cycle 
132-kv breaker in fairly standard con- 
struction and to get a relay system that 
would give universal protection in a 
period of one cycle or less. The history 
of the relay development has already been 
fully described. By that time also the 
development in breakers had been car- 
ried through not only in the 138-kv 
classes but in the lower voltage classes as 
well. For special services, such as the 
Boulder Dam job, breakers of much 
faster speed were needed and three-cycle 
breakers of the impulse type were actually 
developed and built.’ 

Both of these developments have had 
the widest influence on the development 


form permits the choice of the proper 
curvature from a whole family of curves 
with the required exponent. 
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R. W. Porter: Mr. Spangenberg is correct 
in pointing out the fact that there exists a 
very simple relation between the ratio of 
plate-to-grid current and the ratio of plate- 
to-grid voltage. In order to combine this 
expression with the space-charge equation 
in such a way as to obtain the plate current, 
however, it is necessary to perform manipu- 
lations which destroy some of the simplicity. 
The empirical form shown in figure 3 will 
not hold for very large ratios of grid-to- 
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plate voltage since it indicates the possi- 
bility of negative plate currents. 


In general all these expressions lead to 
difficult integrations when applied to radio- 
frequency design problems, so frequently it 
is of great advantage to have only one 
parameter involving division of current 
between grid and plate even if the empirical 
curve does not match the data perfectly at 
all points. The chief justification for per- 
mitting a certain amount of mismatch is 
that under normal operating conditions 
most of the plate and grid current will flow 
when the ratio of grid-to-plate voltage is 
nearly one. Hence the error in design 
calculations can be made small even when 
a single parameter is used. A second con- 
sideration is that secondary emission has a 
tendency to increase the ratio ip/(ip + iy) 
for small values of e,/e) and to decrease it 
for high values. Consequently any spread- 
ing of the curves shown in figure 3 as a 
result of secondary emission will be in the 
direction of the exponential curve. 
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Figure 1. Transmission diagram of Charleston 
pore Appalachian Electric Power Com- 
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Figure 2. Swing curves from stability study of 
Charleston division 
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and successful performance of modern 
transmission lines and networks. The 
effect on electric-power-system develop- 
ment and operation of these developments 
in breakers and relays can best be il- 
lustrated by a few typical examples of 
problems arising in transmission system 
operation and performance where the 
solution from a practical standpoint can 
be obtained only by a faster clearing of 
faults, which in turn can be obtained only 
by a high-speed breaker and in many 
cases only by a high-speed breaker 
coupled with a fast relay system. 

Figure 1 shows a portion of the trans- 
mission system of the Appalachian Elec- 
tric Power Company which operates in 
Virginia and West Virginia. This trans- 
mission system also extends to the affili- 
ated companies, the Kentucky and West 
Virginia Power Company, Incorporated, 
and Kingsport Utilities, Incorporated, 
operating in Kentucky and Tennessee, 
respectively. The portion that is of par- 
ticular interest is that part of the Charles- 


41—London 4—Turner 132-kv system 
9—Marmet 5—Scarbro condenser 
3—Cabin Creek 6—Belle motor load 
——— Fault on 


— — — Fault cleared by simultaneous opening 
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second = 9 
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ton division lying between the Turner 
substation, which is west of Charleston, 
W. Va., and the Cabin Creek plant 
located at Cabin Creek Junction, W. Va., 
which is the principal steam plant serving 
that region and the immediately sur- 
rounding area. The loads in this territory 
are comparatively heavy, being predomi- 
nantly coal and chemical operations. At 
the Belle substation, some six miles from 
Cabin Creek, a single load which some 
eight or nine years ago started at about 
3,000 kw has now increased to approxi- 
mately 42,000 kw, the principal use of 
power being in the operation of synchro- 
nous motors as large as 2,700 horsepower 
which drive high-pressure (1,200-atmos- 
phere) compressors. Although some diffi- 
culty was experienced with surges in the 
early days when this load was building up, 
the problem seemed to have been entirely 
cleared up after an extensive investiga- 
tion was carried out some five years ago, 
which showed the desirability of making 
some control changes on the motors and 
speeding up of the breakers on all the 
lines in the immediate neighborhood of 
the load. 

About 2!/. years ago an additional 
source of generation was brought in al- 
most directly on the bus bar of the main 
substation supplying this load. It was 
expected that this would have a beneficial 
effect on the stability of the supply sys- 
tem, but a series of disturbances that oc- 
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Figure 3. View of 138-kv oil circuit breaker 
set up for test at Philo, Ohio, November 1937 


curred over the period immediately fol- 
lowing the bringing in of the new genera- 
tion source indicated that apparently the 
contrary had actually occurred. This 
led to a very thorough analysis of the 


ene 


system in the area and its performance 
under surge conditions, and this analysis 
very definitely showed that as was origi- 
nally expected, the generating plant is 
aiding the system materially in maintain- 
ing the stability and voltage conditions, 
but that the growth of the large syn- 
chronous-compressor load had changed 
the complexity of the entire distribution 
problem so that a system of fault clearing 
that was adequate three years prior to the 
initiation of this trouble, was no longer 
adequate with the coming in of the new 
plant. The reason for this can be further 
seen from an examination of figure 2 
which shows the performance of the vari- 
ous portions of the system for a fault at 
Cabin Creek on one of the two circuits 
running from Cabin Creek to this point. 
It will be noticed that the phase-angle 
displacements of the various portions of 
the system have been plotted against 
time from the initiation of a fault. At 
0.2 second, that is at 12 cycles, the swing 


curve of the motor (curve 6) definitely 
shows the motors will fall out of step with 
the system. The rest of the system, that 
is the generating equipment at Marmet 
and at other points on the system, is a 
little shaky at this point but in all proba- 
bility could ride through. On the other 
hand it will be clearly seen that by cutting 
the time 0.05 second, that is by decreas- 
ing the time only three cycles and reduc- 
ing the maximum time of clearing of the 
fault to nine cycles (0.15 second) every- 
thing on the system, including the syn- 
chronous motors, will ride through the 
period of trouble in perfect safety. It is 
obvious that, granted a one-cycle relay 
system, the necessary maximum of nine 
cycles can be obtained only by a breaker 
having a time of eight cycles or less. 

The above is a typical stability prob- 
lem. Its solution was made possible by an 
eight-cycle breaker in combination with a 
one-cycle relay system. However, that 
is no guarantee that similar or other more 


BENTON 
HARBOR sd 
he AKRON & 
TO SO. BEND, of 6 metre TO LORAIN oe 
00 
CHICAGO ) Wie O's:000 1 acre ' 
‘ 
AE XY) FOSTORIA ww ASHLAND ae 2 Dp trate acl 8, ALLIANCE 
en ee s " I ; eer CANTON 
—42,100 FORT dl gy cme 
; WAYNE Lee ~ 
Sosa 9 
re) TOWN 2-7,500 
30,000 
TO K TO WEST. PENN 
oe POWER CO. 
aT WINDSOR 
we TEST BREAKER 0006 PHILO 4- 30,000 
awiheO UU OY 
ZANESVILLE 
7,500 r 
—— 2-42,100 3-62,350 
CROOKSVILLE 
MUNCIE RUTLAND 
LONDON & 
Saene@) MARMET 
WINFIELD 20,000 Sera 
2-7,500 SOUTH HYDRO (6) 35,000 
INT 
Mrare : CABIN CREEK 
2-18,750 i 2-25 
KENOVA ~. yoo’ 
—LEGEND— 125 
Ocenerator 31,250 15,000 LOGAN 
© conoenser — Liga S 
SPRIGG Sa : ROANOKE 
Tu 
K 
C)3,250 
9,000 GLEN LYN 
HAZARD 
3 SALTVILLE 
FIELDALE 
5,000 
TO CAROLINA 
KINGSPORT POWER & LIGHT CO. 


Figure 4. System setup for 138-kv oil cir- 
cuit breaker tests at Philo, November 1937 
and April 1938 
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nvolved problems in the future will not 
call for even faster time. If it is granted 
that one-cycle relay time is about as fast 
as can practically be sought, it is obvious 
that more breaker speed and speed be- 
yond eight cycles is needed. 

As a matter of fact such a need arose 
in connection with the development of 
ultrahigh-speed reclosing of transmis- 
sion lines.‘ Here, although ultrahigh- 
speed reclosing was successfully accom- 
plished on a breaker having very little 
better time than eight cycles, it was evi- 
dent that the amount of waiting time 
with the line de-energized, necessary to 
bring about deionization, was not only a 
function of the are current and the atmos- 
pheric conditions, but was also dependent 
upon the duration of arcing. Obviously 
if the arcing time was reduced, the total 
time necessary for reclosure would be 
reduced not only by that time but also by 
the additional gain as a result of the re- 
duced waiting time needed with line 
de-energization. 

A realization that the solution of many 
transmission problems, as typified by the 
two outlined above, was possible only by 
virtue of the fact that high-speed inter- 
ruption was available when needed led to 
a decision some two years ago to apply 
the knowledge gained in the development 
of the impulse breaker to the development 
of a breaker having substantially higher 
speeds than appeared possible with the 
conventional oil blast breaker, and to do 
so along lines that would give the breaker 
no insurmountable economic handicaps 
in finding application on normal and com- 
mercial power systems. The results of 
that development are being described in 
the companion paper of Spurck and 
Strang. 


Aims and Objects of Tests 


The object of the tests herein described 
was basically to determine whether a 
breaker designed along the lines outlined® 
would successfully perform under the 
severe duty and test conditions that it 
was possible to set up at Philo. It was 
felt that in the light of the broad back- 
ground of experience on breaker develop- 
ments and tests obtained over a period of 
some 12 years, it was not safe to assume 
that the design difficulties encountered in 
making a change such as is invo ved in the 
development described could be over- 
come without thorough field testing. It 
was felt that these difficulties were so 
great that even with the fullest theo- 
retical background and with the maxi- 
mum amount possible in factory testing, 
it was not reasonable to expect even the 
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most skilled designer to take care with 
finality of all the problems that were 
bound to arise. Hence the only safe 
basis of procedure, particularly since the 
equipment was protective equipment, was 
to subject the design to severe field tests 
and thus bring to light initial design er- 
rors and weaknesses. Past experience had 
indicated that those were almost inevit- 
able and that designs put through the 
finishing developmental stages made pos- 
sible by such tests were far more likely to 
operate trouble-free and completely suc- 
cessfully than those that were not sub- 
jected to the rigid experience of full field 
tests. 

In short, it was hoped through this de- 
velopment and these tests to get a breaker 
having a time possibly close to four cycles 
in a design sufficiently simple, however, 
as to involve no appreciable, if any, in- 
crease in cost. Past experience had indi- 
cated that with a growing power system, 
having available such designs on an eco- 
nomical basis when they were actually 
needed was a material factor in maintain- 
ing not only reliability of system service, 
but in keeping system growth within 
economic limits. 


System Setup for Tests 


The Philo plant on the system of The 
Ohio Power Company provides the great- 
est concentration of power on the Ameri- 
can Gas and Electric Company 132-kv 
system and was, therefore, chosen again, 
as in 1930, as the best place to test the new 
oil circuit breaker. As a matter of fact, 
the test breaker was set up in almost 
the same location with respect to the 
132-kv switchyard as in 1930,! and it was 
connected in the same way to the trans- 
fer bus so as to make use of one of the 
Crooksville oil circuit breakers as a 
back-up breaker. A view of the breaker 
setup for test is shown in figure 3. 

Likewise, the system setup as shown in 
figure 4 did not differ materially from that 
available for the 1930 tests, although a 
number of important system changes 
have been made since then. These in- 
clude the double circuiting of the line 
from Philo all the way to Twin Branch, 
the installation of a 36,000-kva syn- 
chronous condenser at Fostoria, the plac- 
ing in service of the hydro plants at Lon- 
don, Marmet, and Winfield, and the erec- 
tion of a new 132-kv line from Turner to 
South Point. Except for the Howard line, 
which contributed substantially more 
current to the short circuit because of 
double circuiting, the effect of these 
changes in system setup and generation 
made very little difference in the short- 
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circuit current contributions from these 
lines for a short circuit at Philo. At the 
Philo plant although the electrical end 
of the plant itself is exactly the same as in 
1930, the actual short-circuit current 
supplied by the generators, as well as the 
total short-circuit current, was sub- 
stantially greater due to the increased 
mechanical speed of the breaker and the 
consequent smaller decrement occurring 
prior to parting of the breaker contacts. 
This factor, together with the increase in 
system capacity mentioned above, made 
it possible to record tests as high as 
2,000,000 kva based upon the initial cur- 
rent in the are. 


Description of the New Breaker 


A detailed description of the design 
and theory of the new multibreak inter- 
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Figure 5. Cross section of multibreak, high- 
speed interrupter used in oil circuit breaker 
tested at Philo, April 24, 1938 


1—Contact support rods 
2—Contact cap 
3—Springs 
4—Contact pressure springs 
5—Stationary contact bar 
6—Movable contact 
7—Stationary contact bar 
8—Port segment 
9—Stationary contact bar 
10—Flexible connection 
11—Opening springs 
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rupter, with particular reference to the 
six-break, 230-kv type, is given in the 
Spurck and Strang paper. The inter- 
rupters used in the test breakers at Philo 
were, of course, of the four-break design 
and were installed in a 138-kv conven- 
tional type of oil circuit breaker using 
standard 60-inch round tanks as shown 
in figure 38. A cross section of the inter- 
rupter itself is shown in figure 5, and a 
photograph of the interior parts alongside 
of the enclosing cylinder is shown in figure 
6. The latter shows the general appear- 
ance of the interrupter, including the 
double-port opening in the side of the 
enclosing shell, whereas the cross section 
(figure 5) shows the arrangement of the 
four breaks, current carrying parts, loca- 
tion of port openings with respect to the 
interrupting breaks, and the compression 
springs along the central insulating rod. 
The high-speed operating mechanism 
used on this breaker was similar to that 
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shown schematically in figure 4 of the 
Spurck and Strang paper, except that it 
was designed for ultrahigh-speed reclos- 
ing, although most of the parts necessary 
for reclosing service were omitted. As 
shown in figure 3, this mechanism was 
mounted on the end of number 1 tank of 
the breaker. 


Test Program and Results 


Three series of tests, the first on 
November 20 and 21, 1937, the second on 
November 28, 1937, and the third and 
final series on April 24, 1938, were carried 
out on this breaker. This program may 
be summarized briefly as follows: 


(a). Interrupters of the single-port de- 
sign as described by Spurck and Strang were 
used in the first series of tests but failed to 
withstand the internal pressures developed 
in connection with currents somewhat above 
their rating. 


Figure 6. View of 
parts and 
enclosing cylinder of 
interrupter after tests 
at Philo, April 24, 

1938 


interior 


Figure 7. 


Figure 8. 
ing interruption of 8,500 amperes, single phase, in 3.7 cycles 
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(b). Inthe second series of tests, using two 
poles only, one pole was equipped with 
single-port interrupters, while the second 
pole was equipped with double-port inter- 
rupters and larger total port area. As in the 
previous tests, the single-port interrupters 
failed to withstand the pressures developed 
at currents somewhat above their ratings, 
whereas the double-port interrupters per- 
formed successfully and the series of tests 
was completed on a single-phase basis. 


(c). The third and final series of tests 
was carried out on a complete three-phase 
basis, using interrupters with double-port 
openings and substantially strengthened 
enclosing cylinders, together with other 
minor modifications. The breaker came 
through these tests in a completely success- 
ful manner. 


Detailed results of these tests are given 
in tables I, II, and III covering the first, 
second, and third series of tests, re- 
spectively. These results will be de- 
scribed in more detail below: 


TESTS OF NOVEMBER 20 AND 21, 1937 


As shown in table I, six preliminary 
tests were made, using one generator only, 
the first test primarily to check the test 
setup, and the other five with varying ex- 
citations on the generator to furnish in- 
formation in connection with generator 
reactance characteristics. The remainder 
of the tests on November 20, included, 
first, a series of eight shots with two 


Oscillogram of test number 7, November 20, 1937, showing 
interruption of 1,500 amperes in 3.5 cycles 
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Oscillogram of test number 38, November 28, 1937, show- 
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Num- Machines at Lines Connected 
ber Type Philo (Kva) to 132-Ky Bus 


Table |. First Series of Tests—November 20 and 21, 1937 


Breaker Time 


Initial Current in Arc (Cycles) 


1 2 3 1 2 3 
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generators only, including four tests with 
and four without a transmission line con- 
nected to the 132-kv bus to furnish a com- 
parison between high- and low-voltage 
recovery rates. While the longest breaker 
time occurred with the high recovery rate 
setup where no lines were connected, the 
average results showed no consistent dif- 
ference. This comparison, of course, was 
not particularly satisfactory because of 
the relatively low short-circuit current 
involved. It was not feasible to make 
such a comparison at higher levels of short- 
circuit current. All of these tests, 1 to 14, 
inclusive, in table I, were made on a setup 
completely isolated from the rest of the 
system. 

Tests 15 to 18, inclusive, at a duty 
slightly above 1,000,000 kva, were carried 
out on November 21 without incident, 
with breaker time from less than two 
cycles to slightly over four cycles. On 
the next four shots, tests 19 to 22, in- 
clusive, with slightly less than the full 
system capacity, the first two were en- 
tirely successful at approximately 1,600,- 
000 kva, whereas test number 21 showed 
evidence of distress, and on test number 
22 no current was obtained in phase 1 as 
a result of the complete shattering of one 
of the interrupters in that phase on the 
previous test. Three more shots were 
then carried out on a single-pole basis, 
the last of which at 1,750,000 kva de- 
stroyed one of the remaining interrupters, 
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number 3 pole shattered 


thus concluding the first series of tests. 

Figure 7 shows an oscillogram of test 
number 7, a typical light shot of this 
series. The points at which tripping, 
contact parting, and interruption oc- 
curred and the actual breaker time are 
indicated on the oscillogram. 


TESTS OF NOVEMBER 28, 1937 


Between November 21 and November 
28, two sets of interrupters sufficient to 
equip two breaker poles were recon- 
structed one with single-port openings 
approximately the same as on the initial 
tests, and the other with double-port 
openings and increased port area. As 
shown in table II, the interrupters with a 
single port, after withstanding four shots 
at light duty and two shots slightly above 
the full rating, failed on test number 32, 
causing mechanical damage to the inter- 
rupter and allowing arcing in that pole 
to continue for something more than 
thirty cycles until the back-up breaker 
opened the circuit: Subsequent examina- 
tion of the interrupters in pole 2 indicated 
that electrical arc-over as well as mechani- 
cal damage had occurred. 

Single-phase tests were then continued 
on the single pole with the double-port 
interrupters, concluding successfully a 
series of six with the full system capacity 
and a maximum recorded value of 2,000,- 
000 kva on the last two shots. An oscil- 
logram showing one of these last two 
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heavy shots, test number 38, is presented 
in figure 8. As noted on the oscillogram, 
the opening time of the breaker in this 
case was 3.7 cycles. 


Tests or APRIL 24, 1938 


While the series of single-phase tests 
on the double-port interrupters as com- 
pleted on November 28, 1937, was entirely 
successful, nevertheless it was felt that, 
as a definite proof of the final design, it 
would be advisable to carry out a series 
of three-phase tests on the breaker 
equipped throughout with the double- 
port interrupters. This was particularly 
so since in the final interrupters, the de- 
signers, taking advantage of the informa- 
tion gained from previous tests, had made 
a number of modifications, such as in- 
creased strength of enclosing cylinders, 
improved electrical insulation, and other 
changes of a minor character. 

The results of this final series of tests 
are shown in table III. These show that 
the breaker in its final form gave a most 
creditable performance. As shown in 
this table, after two preliminary shots 
with two generators only, the breaker was 
subjected immediately to four tests at 
duties between 1,400,000 and 1,500,000 
kva, followed by six shots at the full 
system capacity, with a maximum of 
about 2,000,000 kva. As shown also in 
table III, on the last ten shots which were 
taken at duties from 1,400,000 to 2,000,- 
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Table Il. Second Series of Tests—November 28, 1937 
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000 kva, the breaker time varied from the 
maximum of 3.5 cycles to a minimum of 
less than two cycles. On the first two 
shots, however, which were made at light 
duty and, incidentally, at a high recovery 
rate, the breaker time, as would be ex- 
pected, is somewhat longer. On shot 
number 2 this time reached a maximum 
of 5.7 cycles on pole number 2, which 
interrupted 1,400 amperes or the equiva- 
lent of 335,000 kva. Inasmuch as the 
duty in this case was actually less than 
25 per cent of the breaker rating, the five- 
cycle speed rating of the breaker was, 
therefore, not actually exceeded under 
the prevailing standard rules for breaker 
rating. A typical oscillogram taken dur- 
ing this series of tests, showing the 
interruption on test number 8, is repro- 
duced in figure 9. 

The entire series of tests was carried 
out without any indication of distress, 
the only outward evidence of circuit inter- 
ruption being the noticeable jar trans- 
mitted through the cinder-filled ground 
occupied by the test setup and a small 
amount of smoke or vapor issuing from 
the vent pipes on the tanks. 

Following the tests, all of the inter- 
rupters were removed from the tanks for 
inspection and were found to be in excel- 
lent condition, showing no signs of dis- 
tress whatever. A photograph of one of 
the interrupters taken after the comple- 
tion of the tests is shown in figure 6. 
This is typical of all of the interrupters 
removed from this breaker. With the 
small amount of burning indicated on the 
contacts, it appeared that the inter- 
rupters could have withstood many more 
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tests without maintenance or adjustment. 

As would be expected, oil samples 
taken immediately after the tests showed 
no noticeable discoloration and tested an 
average of 30 kv, the same as at the be- 
ginning of the tests. 


Effects of Tests 
on System Operation 


In order to minimize the possibility of 
disturbances to customers during these 
tests, special arrangements were made to 
take care of certain areas electrically close 
to the Philo bus and thereby subject to 
the greatest voltage dips. The Newark 
area was taken care of by operating the 
Newark steam plant, tied in with the 
system only through a 66-kv line extend- 
ing north to Howard substation and en- 
tirely disconnected from the normal 
132-kv source at Crooksville. On the 
other hand, the town of Zanesville, which 
included among its factories a number of 
glass plants, which are generally par- 
ticularly susceptible to voltage dips, had 
to be subjected to the full disturbance, as 
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Figure 9. Oscillo- 
gram of test number 
8, April 24, 1938, 
showing interruption 
of 7,700 amperes in 
3.25 cycles 
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there was no other way to supply the 
town. Therefore, as a precautionary 
measure, the large industrial customers 
were notified as to the exact time of carry- 
ing out the-:shots with full system capac- 
ity in order that they could have operating 
men on hand to restart any motors which 
might possibly drop out because of some 
unforeseen contingency or because of, 
perhaps, some instantaneous under-volt- 
age releases. 

Except for these precautions, the effect 
of the tests on the system may be said 
to have been practically negligible as far 
as any harmful effects are concerned. 


Conclusions 


This entire program of field tests in 
connection with the development of this 
new high-speed interrupter has again 
demonstrated what was brought out in the 
beginning of this paper, namely, that no 
matter how skilled the designers may be, 
and with the most exhaustive research 
testing that is possible in factory testing 
laboratories, it is still necessary to look 
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Table Ill. Third Series of Tests—April 24, 1938 
SSS 


Breaker Time 


| 
| 
| 


to actual high-capacity field tests for 
ultimate confirmation of circuit breaker 


designs and to bring out possible weak- 
nesses which otherwise may escape dis- 
closure. In this particular development 
there is no question but that the funda- 
mental design of the interrupter and, in 
general, its details had been worked out 
on a sound basis. It is no reflection what- 
ever on the designers that unforeseen 
weaknesses were disclosed in the tests; 
on the contrary, it is proof of the sound- 
ness of the development that compara- 
tively minor changes based upon the in- 
formation obtained from the tests were 
all that were necessary to enable the final 
design to go through what is believed to 
be the most severe series of tests yet made 
on a high-voltage circuit breaker and do 
so with perfect performance. 

It is also interesting to look at this 
development in the light of what has 
recently been said and written in consider- 
able volume on the subject of oilless and 
oil-poor circuit breakers. A great deal of 
development work, largely abroad, but in 
an appreciable amount also in this 
country, has been going on in this field 
and many engineers have felt that such 
oilless or oil-poor breakers might eventu- 
ally become the final answer to the cir- 
cuit-breaker problem. Here we have, 
however, in an oil circuit breaker of the 
conventional type, the culmination of 
developments which have been carried 
along for some years in an orderly man- 
ner, resulting in a breaker which, with a 
rating of 1,500,000 kva, has demon- 
strated its ability to interrupt repeatedly 
and with no apparent effort, short cir- 
cuits at and well above its rating, up to 
maximum values of 2,000,000 kva, with 
speeds consistently under four cycles. 
Viewed from this angle, we cannot help 
but feel that this development is truly a 
tribute to the level-headed skill and 
ingenuity of our American designers. 

It goes without saying that the carrying 
out of tests of this nature represents not 
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only an actual expense in time, construc- 
tion, and even fuel cost, but also a con- 
siderable amount of stress and disturb- 
ance to the personnel operating a large 
power system. For all of this, however, 
we feel that we have been well repaid, 
first, because of the added confidence in 
the ability of the equipment and the sys- 
tem as a whole to handle disturbances 
smoothly gained by the operating forces 
and, second, for having been of assistance 
in putting the final necessary touches on a 
development which is without doubt a 
notable one, and one which will become of 
considerable value both now and in the 
future as a much needed tool in the de- 
velopment, expansion, and safe operation 
of large inter-connected power systems. 
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Discussion 
J. B. MacNeill: See discussion, page 710. 
W. F. Sims: See discussion, page 711. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): Power-system sta- 
bility has been an important factor in 
determining the maximum allowable fault- 
clearing times. If we consider generator 
stability only and not load stability, total 
fault clearing times of the order of nine 
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cycles for complete clearing of the fault 
appear to be adequate for even the most 
severe faults on the majority of power sys- 
tems. Exceptions exist, of course, when 
the transmission distances are great and 
the steady-state power margins correspond- 
ingly low. However, fault-clearing times 
less than that calculated as the maximum 
allowable for generator stability are desir- 
able in that a margin of safety is obtained 
which allows for unforseen extreme load- 
ings and operation. Also the lower the 
switch time the greater the time or flexi- 
bility which can be allowed for relaying. 
In some cases this will allow for sequential 
switching out of the faulty section rather 
than requiring simultaneous switching. 

The paper by Messrs. Sporn and St. Clair 
discusses a problem which it is believed will 
become of increasing importance. This is 
the ability to remove severe faults quickly 
enough so that important synchronous motor 
loads will not be lost. A synchronous motor 
is particularly liable to loss of synchronism 
for the following reasons. 


1. When the fault is on, the synchronous motor 
tends to decelerate due to its shaft load and the 
losses due to the flow of fault current. This is 
not the case for a generator as the losses due to 
the flow of fault current decrease the acceleration 
and therefore are beneficial. 


2. The size of the individual synchronous motors 
is usually small, so that the field flux decays more 
rapidly than in a generator due to the armature 
reaction created by the flow of fault current and 
the swing or oscillation after the fault is cleared. 


3. The per-unit effective inertia of the rotating 
element is usually much less than that of genera- 
tors. Exceptions exist, of course, for the case of 
high-inertia loads. This means that the angular 
displacement, in general, increases more rapidly. 


4. Synchronous motors are not usually provided 
with voltage regulators. This combined with the 
low field time constant, reduces their synchronous 
strength appreciably during the period the fault 
is on and immediately after it is cleared, 


5. Operators of industrial plants are not always 
cognizant of the stability problem or the im- 
portance of it, so they are apt to purchase and in- 
stall motors which do not necessarily have high 
pull-out torques. A large group of motors of only 
ordinary characteristics or a motor connected 
through a long line to a system may have very little 
stability margin even under steady-state condi- 
tions, 


All these factors combine to make the 
synchronous-motor load particularly sus- 
ceptible to pulling out of step. A most 
effective manner to prevent their losing 
synchronism is by quick switching. Be- 
cause of the nature of synchronous motor 
loads, the fault-clearing times for severe 
faults and locations relative to the syn- 
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chronous motor load must be quicker than 
that required in general for corresponding 
severe faults relative to the generating sta- 
tion, Fault clearing times of less than nine 
cycles then become highly desirable. 

If a power system has connected to it 
important synchronous-motor loads which 
require a high degree of service, then the 
need for very quick switching will un- 
doubtedly exist for severe faults relative to 
the synchronous motor load. 


L. F. Hunt (Southern California Edison 
Company, Ltd, Los Angeles, Calif.): 
The authors should be commended for 
their paper, and they should receive con- 
gratulations for their courage in pioneering 
actual system oil-circuit-breaker-short-cir- 
cuit tests. The work involved in lining up 
a system for short-circuit tests is enormous, 
and the reading of a paper such as this 
really does not give the reader a full under- 
standing of the intricacy of such tests. 

The engineers of the Southern California 
Edison Company, Limited, agree with the 
authors that the final proving ground for 
oil switches is the actual system short-cir- 
cuit tests. In fact, the latest policy has 
been to make system tests on breakers to 
ascertain complete information of their 
operation. 

If I may digress from the paper a small 
amount, I would like to mention that we 
have conducted many tests on switches, and 
more recently have conducted about five 
series of tests on 230-kv breakers on our 
220-kv system. Two series of tests were 
made on 230-kv breakers in accordance 
with the ones discussed in the paper, ex- 
cept having six breaks per pole instead of 
four. The first series was on April 25, 
1937. The results of these tests read like a 
carbon copy of the authors’ first series of 
tests November 20 and 21, 1937, except we 
were more fortunate in that we did not re- 
quire the operation of a back-up breaker. 
Then on October 17, 1937, we ran the second 
series of tests with a much improved me- 
chanical designed interrupter described in 
the Spurk and Strang paper. These tests 
also were successful, as in the case of the 
authors’ third series of tests. You will 
note that our final tests were made prior 
to the authors’ first test. 

Just one question occurs to me. In the 
ease of a failure on the test switch, how 
sure are you that the back-up breaker will 
take the rap and clear successfully? 

Again, I wish to congratulate the authors 
and their men for the courage of these and 
other tests. The valuable information 
gained will give all switch users better 
switches. 


D. C. Prince (General Electric Company, 
Philadelphia, Pa.): It seems appropriate 
to comment at this time on the debt of 
gratitude which switchgear manufacturers 
owe to operating engineers like Mr. Sporn, 
who have the courage and willingness to 
subject their systems to high-power field 
testing. A high-power test laboratory is a 
very expensive thing. The largest labora- 
tories in this country have a symmetrical 
capacity a little over 500,000 kva and can 
deliver about 1,000,000 kva with a full 
offset wave. This is small compared with 
a 2,500,000-kva-rated breaker. 
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Various methods are employed to sub- 
stantiate ratings beyond test plant capacity. 
These include pretripping, two-part tests, 
and other special arrangements. While 
there is good reason for having confidence 
in the data obtained from such tests, yet we 
all like to see how a circuit breaker behaves 
when it clears a fault on an actual system of 
large capacity. 

Without field tests a new design may oper- 
ate for months or years before its quality 
is tried by a real fault. The 287-kv trans- 
mission lines from Boulder to Los Angeles 


were so carefully protected by ground wires © 


and counterpoises, and so well built that the 
circuit breakers were not called into auto- 
matic operation for nearly a year and a 
half. Then the flood came and there was a 
washout on both lines and the circuit break- 
ers isolated the faulted sections with hardly 
a blink of the lights. When the actual 
emergency arose of course there was no 
oscillographic equipment hooked up so 
that no one knows what actually did happen. 

The great power concentration around 
Philo actually delivered 2,000,000 kva to a 
fault which was cleared by the test breaker 
with all important events measured. Due 
to Mr. Sporn’s courage and thirst for facts, 
we have an assurance of protection under 
actual operating conditions even though 
these conditions may include a catastrophe 
of nature such as the flood which damaged 
Boulder Dam—Los Angeles lines. 


V. M. Marquis (American Gas and Elec- 
tric Service Corporation, New York, N. Y.): 
A great many of us believe that the oil 
circuit breaker as an interrupting device 
represents a notable engineering achieve- 
ment. To forcefully bring this out, it 
would be interesting to compare its per- 
formance with that of other methods of 
stopping the flow of energy, such as, for 
example, with a high-pressure valve, a 
brake, or a fire extinguisher. However, to 
make a comparison between the oil circuit 
breaker and other devices or mechanisms 
for interrupting the flow of energy is rather 
difficult. In the case of the oil circuit 
breaker, the actual energy in the arc is low, 
perhaps not more than 1,000 kilowatt- 
seconds. The power factor of the faulted 
circuit is probably ten per cent or less. 
Furthermore, the circuit breaker resorts to 
the trick of interrupting the arc when the 
current passes through zero. Granting all 
of this, it must be remembered that when 
the circuit breaker is attempting to ex- 
tinguish the arc, the system voltage (in this 
case 132,000 volts) is at all times attempting 
to recover and although the current is in- 
terrupted when it passes through zero, it 
must be further borne in mind that the 
three phases do not open simultaneously, 
and therefore instantaneously there is an 
interchange of single-phase power (the mean 
of which is zero) between the phases which 
in kilowatts may possibly be equal to the 
kilovolt-amperes interrupted. All of this 
results in heavy forces which the oil circuit 
breaker must withstand because of the mag- 
netic field and the making of room for the 
gas bubbles as fast as they are formed. 

A comparison, although perhaps rather 
crude, might be made between the oil 
circuit breaker and the latest devices for 
extinguishing oil fires. We have made a 
rough comparison on this basis with some 
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recent tests in which large oil fires were 


- extinguished by means of water from high- 


pressure nozzles. The calculated equivalent 
of mechanical power represented by the 
fires in these tests, based on burning ten 
gallons of oil per minute, is approximately 
25,000 kw, and the best performance ob- 
tained in putting out these fires was approxi- 
mately 20 seconds. On this basis it is 
obvious that the circuit breaker compares 
most favorably in doing its job in three 
cycles or 1/400 of the time taken to extinguish 
the fire. 

This breaker is reported to have inter- 
rupted a 2,000,000-kva short circuit in ap- 
proximately three cycles, and as shown by 
the film, a puff of smoke from the vents was 
the only visible sign that anything had hap- 
pened. It may be of interest to compare 
this with the oil fire by showing a short 
section of film of the oil fire tests already 
referred to. Regardless of the accuracy of 
the comparison, I think we can all agree 
that the modern oil circuit breaker performs 
efficiently a most difficult job in an ex- 
tremely short period of time. 


Philip Sporn and H. P. St. Clair: In clos- 
ing the discussion on this paper, the authors 
would like, first of all, to thank those who 
have contributed some very interesting 
and helpful discussions. It is particularly 
gratifying to find that these contributors 
have shown by their discussions, as well as 
by direct expression, that they fully ap- 
preciate the scope and importance of an 
undertaking such as that described. 

Mr. Crary, we believe, has brought out 
the importance of high-speed switching in 
connection with the problem of stability 
involving synchronous-motor loads. We 
have already included in the paper some 
discussion of one such problem which was 
actually solved by speeding up circuit- 
breaker operation and we might say that 
there are many synchronous motor applica- 
tions on almost any system which will, in 
general, be affected by the speed of switch- 
ing. This problem, in fact, we consider to 
be one of the major arguments in favor of 
high-speed switching. 

Mr. Sims shows a keen appreciation of 
the development work which has been done 
both by the manufacturers on this breaker 
and by our company in bringing this to a 
successful conclusion by means of test. 
In pointing out that the design of the new 
interrupter is such that it may be applied 
to replace corresponding parts of older 
breakers at a very great saving over the 
complete replacement of breakers, Mr. Sims 
has emphasized again the credit which we 
have given in the paper to our American 
designers for the progress they have made 
in improving the conventional oil circuit 
breaker along conventional lines. 

We are very glad indeed to note from Mr. 
Hunt’s discussion that the engineers of the 
Southern California Company, Limited, 
have arrived at the conclusion that the only 
reliable final proving ground for oil circuit 
breakers is actual short-circuit tests and 
that it is the policy of the company at the 
present time to make such tests on the 
system. As we have stated many times be- 
fore, we are firmly convinced of the sound- 
ness of this position and we fully expect to 
continue making system short circuit tests 
whenever it is necessary to prove out a new 
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A New Multibreak Interrupter for Fast- 
Clearing Oil Circuit Breakers 


By R. M. SPURCK 


FELLOW AIEE 


Synopsis: A description of a new multi- 
break interrupter for fast clearing of short 
circuits applicable to high-voltage con- 
ventional tank-type oil circuit breakers. 
Breakers equipped with such interrupters 
were subjected to interrupting tests on 
large 138-kv and 230-kv systems during 
which short circuits as high as 2,000,000 
kva were interrupted in less than five cycles. 
The results of those interrupting tests are 
shown and discussed. 


T IS generally recognized that fast 
clearing of short circuits on power 
systems is desirable because among other 
benefits, shortening the duration of short 
circuits reduces the: 


(a) Tendency of the system to become 
unstable. 

(6) Magnitude and duration of voltage 
dips. 

(c) Burning of the conductors at the point 
of short circuit. 


(d) Potential damage to apparatus. 


As the breaker interrupting time, that 
is, the time measured from the instant 


development in which we are interested. 

In regard to Mr. Hunt’s question as to 
how sure we are that the back-up breaker 
will take the rap and clear successfully in 
case of a failure on a test switch, the final 
answer to this question is that we are not 
positively certain. However, the back-up 
breaker used is one that has been in service 
and has performed successfully on many 
previous occasions during normal system 
operation and we have a fairly high degree 
of confidence that it will interrupt the short 
circuit. For one thing, the duty on the 
back-up breaker in such an event would be 
appreciably less than that involved in a 
quick clearing of the test breaker because of 
the longer time and resulting decrement. 
But, and this is more important, since the 
back-up breaker is one of the regular 
breakers on which is placed dependence for 
normal protection of the system, we feel 
there should be no question regarding its 
ability to handle the duty imposed upon it 
and if it is not capable of doing so, there 
really is no better time to find it out than 
under staged short-circuit conditions when 
everyone is on his toes and prepared for 
whatever may happen. 

Mr. MacNeill has brought out a number 
of interesting points, particularly in com- 
paring the present interrupter with the 


DECEMBER 1938, VOL. 57 


H. E. STRANG 


ASSOCIATE AIEE 


the trip coil is energized until the short 
circuit is interrupted, is an important 
part of the time required to clear a short 
circuit, much attention has recently been 
given to the development of breakers 
having short interrupting times. Most 
breakers sold today for all voltages and 
interrupting ratings, have a rated inter- 
rupting time of eight cycles, 0.133 sec- 
ond. Some few breakers for special 
applications have had interrupting time 
ratings of three cycles, 0.05 second. 
Breakers of that time rating, utilizing 
the impulse oil-blast principle in which 
oil is forced between the contacts by a 
mechanically driven piston, are used on 
the 287.5-kv transmission line between 
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multibreaker design used in the Boulder 
Dam 287-ky breakers. Since most of these 
points have to do mainly with design de- 
tails, I shall leave them for the consideration 
of the authors of our companion paper, 
Messrs. Spurck and Strang. Such discus- 
sions are always helpful in clarifying ideas 
and theories in connection with new de- 
velopments. 

Mr. Prince has pointed out that the cir- 
cuit breakers installed on the Boulder Dam— 
Los Angeles 287-kv transmission line were 
not called upon to operate on a short circuit 
for nearly 11/, years after installation. 
While we are not nearly so fortunate on our 
own system in having such infrequent faults, 
at the same time circuit breakers may wait 
a long time for anything like a severe test, 
first, because interrupting capacities are 
usually figured on a more or less future setup 
and, second, because even though faults 
may occur frequently enough, the location 
of these faults is rarely such as to give rise 
to the maximum possible fault current. 
This only confirms the wisdom of making 
system short-circuit tests to find out before 
one is lulled into a false sense of security 
and before there is a chance of an expensive 
failure, whether a given circuit breaker or 
circuit-breaker design is capable of perform- 
ing as it is expected to perform. 
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Boulder Dam and Los Angeles! and on the 
138-kv side of the autotransformers of the 
Los Angeles end of that line. Also, 
many single-phase impulse oil-blast-type 
breakers having an interrupting time of 
one cycle, 0.04 second, are in operation 
on 11,000-volt single-phase 25-cycle rail- 
way service.? During the last two years, 
a need appeared for breakers of a time 
rating intermediate between that of 
standard breakers rated eight cycles and 
that of the special very expensive break- ° 
ers rated three cycles. When the pos- 
sibility of meeting this need was reviewed, 
it was natural to try to adopt, as far as 
applicable, the principles already es- 
tablished in the superspeed high-voltage 
impulse breakers.  Pressure-generating 
breaks’ were selected as the driving force 
for the oil blast rather than the mechani- 
cal driven piston of the impulse breaker. 
This method has the proved reliability 
of thousands of applications. . In the 
absence of extreme speed requirements, 
this self-generated oil-blast action seemed 
to be fast enough. 


High-voltage multibreak impulse 
breakers use a cylindrical insulating 
interrupting chamber in which a number 
of interrupting contacts connected in 
series are placed adjacent to port open- 
ings in the cylinder wall. The logical 
modification in such an interrupter to 
utilize the are-pressure oil-motivating 
means was to associate a _ pressure- 
generating gap with each interrupting gap. 

It seemed expedient to make such inter- 
rupters adaptable to conventional tank- 
type breakers because; first, it permitted 
the use of conventional bushing current 
transformers in place of the more expen- 
sive self-contained tripping transformers 
required by the high-voltage impulse 
breaker, and second, it made possible the 
modernization of large numbers of circuit 
breakers already installed so that opera- 
tors could secure faster operating time 
without the expense of completely new 
apparatus. 

Several different designs of multi- 
break interrupters of cylindrical shape 
adapted to tank-type breakers and utiliz- 
ing the cross-blast principle with self- 
contained pressure generation, were sub- 
jected to interrupting tests at the high- 
capacity testing station at Schenectady. 
From those tests, the number of breaks 
required for various voltages was deter- 
mined and the best features of all the 
types, such as shape, number, and loca- 
tion of port openings, were combined in 
arriving at a design which would inter- 
rupt effectively in minimum time. 

Interrupters of the above described 
general design were subjected to many 
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Figure 1. 
installed on a 230-kv oil circuit breaker 


Six-break single-port interrupters 


interrupting tests at low currents and high 
currents in the Schenectady testing sta- 
tion. They were also given preliminary 
field tests before the final design was sub- 
mitted for the field tests at Saugus and at 
Philo herein described. 

In the tests at Schenectady, attention 
was not centered alone on the ability of 
the interrupters to handle heavy short- 
circuit currents but also on the ability to 
interrupt light currents as well. For ex- 
ample, the six-break interrupter was 
tested successfully on currents ranging 
from 20 amperes to 12,000 amperes and 
the four-break design from 25 amperes up 
to 27,000 amperes. 

From those tests, it was determined 
that six breaks per terminal, that is, three 
pressure generating and three interrupt- 
ing breaks, were adequate for 230 kv 
applications and four breaks for 138-kv 
service without resorting to voltage 
grading other than that resulting from 
the normal arrangement of parts. 

Multibreak interrupters with cross- 
blast oil flow not requiring a mechani- 
cally driven piston for oil motivation and 
applicable to conventional tank-type 
high-voltage breakers are now available 
for breakers, or the modernization of 
breakers, rated from 115 kv to 230 kv in 
interrupting ratings up to 2,500,000 kva. 


Description of Interrupter 


A pair of these interrupters attached 
to one pole of a 230-kv oil circuit breaker 
is shown in figure 1. In figure 2 the 
interrupter is shown in cross section. 

The main housing of the interrupter is 
a thick walled cylinder of insulating 
material having an unusually high dielec- 
tric and mechanical strength. This in- 
sulating housing is readily removable 
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without removing the interrupter from 
the bushing. Figure 3 shows a six-break 
interrupter with housing removed and 
partially disassembled. When _ the 
housing is removed, all contact parts are 
still in place but exposed for inspection. 
Stationary members of the conducting 
parts are supported on four vertical in- 
sulating posts, each fastened at the top 
to the upper cover of the interrupter, 
and at the bottom to a retainer. Ex- 
tending through the center of the inter- 
rupter is an insulating rod which carries 
the moving contacts. This insulating 
rod, which projects out of the. lower end 
of the interrupter, terminates in a metal 
cap which is the contact engaged by the 
crosshead. A flexible lead from this cap 
carries the current from the cap to the 
main current path of the interrupter. 
Heavy pressure for each contact is ob- 
tained by inserting a spring between each 
contact and its fastening to the center 
operating rod. Interrupting contact 
faces are of Elkonite which is outstand- 
ing in its ability to withstand severe and 
repeated arcing with minimum loss of 
material. 

When the breaker opens, the crosshead 
moves downward thus permitting a spring 
inside the interrupter to force the center 
rod supporting the interrupting contacts 
downward and part the contacts inside 
the interrupter. The arcs formed in 
the interrupter decompose oil into gas 
which creates pressure and forces oil out 
through the ports. The ports are so 


Table |. Approximate Short-Circuit Walues 


_ Obtainable by Variation of System Currents 


Equivalent 
Three-Phase 


Line to Ground 
Short-Circuit Current 


Setup (Amperes) Kilovolt-Amperes 
dl 5 Aor ney ee t OOOM eer oe ce 375,000 
Hen oe Tee 1 AOO Ls Antares aieaee 525,000 
Bon Moyes tek eet 2 OOWae eG eases Ls 000,000 
Ce yee HATE TO eee what ctaaace 1,700,000 
Biter a Line charging current 

approximately 
50 amperes 
Note: Setup 1 utilized a feed from the 66-kv 


system through step-up transformers at Saugus to 
220 ky. All other test arrangements, including 
that for line charging current, used lines of the 
230-kv system only. 


located in relation to the contacts that 
the flow of oil is directed between the 
contacts. Thus, during the time current 
is flowing, both oil and gas are flowing out 
of the port. As current zero is ap- 
proached, less gas and more oil are carried 
over the contacts and out the port. It is 
important to bring out that the bleed- 
ing of gas from the interrupter takes 
place at the contacts adjacent to the 
port. Gas created at the contacts 
which have no port adjacent to them is 
stored in the chamber so that at current 
zero when no gas is generated, the stored 
pressure inside of the chamber is sufficient 
to drive oil into the space between the 
contacts adjacent to the port. Only a 
small contact separation is required, 
therefore, to allow sufficient oil insulation 
between the contacts to prevent the re- 
covery voltage from breaking down the di- 
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Figure 2. Cross sec- 
tion of  six-break 
single-port inter- 
rupters for 230-ky 
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* 50-cycle system. 


** Opening means breaker initially in closed position and tripped on occurrence of fault. 


breaker is closed on a fault and then tripped open. 
t Norecord. Estimated value. 


electric between the contacts. This 
interrupting action is entirely in accord- 
ance with the oil-blast principle of inter- 
ruption. 

Proper arrangement of the port or 
ports in relation to the contacts results in 
an effective device which interrupts the 
current at an early current zero after 
the contacts part, as shown in the results 
of the field tests. Interruption of the 
circuit generally occurs before the cross- 
head contact parts from the exterior con- 
tact at the bottom of the interrupter. 
After interruption, the crosshead moves 
downward to the full stroke of the 
breaker, a distance sufficient to with- 
stand the required insulation tests with 
the breaker in the open position. 


Field Interrupting Tests at Saugus 


On October 17, 1937, at the Saugus sub- 
station of the Southern California Edison 
Company, Ltd., a series of interrupting 
tests at 220 kv, frequency 50 cycles, was 
made on multibreak interrupters of the 
self-pressure-generating cross-blast type 
installed in a rebuilt triple-pole 230-kv 
type FHKO-139 oil circuit breaker having 
108-inch-diameter round tanks. This oil 
-circuit breaker was supplied in 1929. 
When originally put in service, it was 
equipped with plain explosion chambers 
for arc control and had an interrupting 
rating of 2,500,000 kva on the then 
standard CO-2 minute-CO duty cycle. 

When tested, each pole of the breaker 
was equipped with six-break multibreak 
interrupters. Tanks A and C were pro- 
vided with interrupters having single 
ports adjacent to each break and tank B 
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Table II. Interrupting Tests on a 220-Ky System 
ee 


. ec Current 
Interrupted Breaker 
Ieee tease ae bo pay maaereent Interrupting 
quare ree-Phase Time 
Number (Kilovolts) Break Tank Duty** Amperes) Kilovolt-amperes (Cycles*) 
ee ee ee eee 
1 ei AA ea ae 216: . 1 A oO i 
eRe kites ae UAL a chty a DOMIN Rs sais GOS Ae vaxs eae BSO000— ri xrs 142d 
Se etait jon His orcas fotehan ; wataiere ft ; eres” Co. tebe ees POLO CA wei oan S000 ek a ee 3.74 
aa ha eateyste a Auda TL ae BY ia A tote Rare Opening....... 41 aes 529.000 sisi asta 3.57 
 (aleemaianen Ue Sin Bi Keen CON. Se paaen ve Ok Ce aa G29 0000. vous os 3,44 
Be HSPs gus sia ?ety LG ce ein nee, A Openin 
Sethe Wie Aci eaue ais Bae ere OS Ouran dein on tgQ00,000s 6.000 c tid 
. RMS s\atererai a: an Merwe hs Rothe rae Aton Co. wetness RB OSOinawoe ss WOOG000s titroa s 3,27 
- ass @ see MkGcc cae ss NI ea ace A cat eras Opening....... MSOs Siig eters 1,640,000%..5..+....2.96 
Site SENS 8 BLO. take sis tok ee Oe i's et Ues an's Nc ran Let OOOUT 
15-second interval between tests 4A and 4A-1 
roan achive Mats’ are ae fete a Liars Bil « Co. vette eens BOO carer certs SOU, OOO crnereiernne 1.37 
“cha aie wage! <> Le aap a ae ie es Giseiata Opening....... A BOG aA Res es A5BOOD0 OR tres hs 3.05 
te oc PE Geir rehash crise, COUN mee nh, and BOO ss six tun 01 ZOO;000 OE £002.18 
15-second interval between tests 5A-1 and 5A-2 
et Sore rok = SR EO Wet ees Cees OO. wee eee eens S.OS0 cx clio 5S IL TOOSO00 ite chen: 1.96 
a4 Peete mi 1 art oy ir intone Bote: Opening....... S'G000 hen tes EV BO;GOO ere ante? Sul 
Sitti Fe parete set ALG crc n.d Qwinnesn Bias Kew CO vewititeiunics A100 weet es TOO; O00 Fesic orcs 2.89 
15 second interval between tests 6A-1 and 6A-2 
GArmoiesaas os LI ee eR” Pine hte oe ey aa Wwe chs $M Os arcane atta Bg TOO, UUs -cisis, dons » 2.45 


i ee 


CO means 


with double ports. The original centrifu- 
gal-type closing mechanism was re- 
placed by a cam-type mechanism of new 
design. This cam mechanism closes the 
breaker in about one-half second as com- 
pared with a closing time of about one 
second required with the original mecha- 
nism. Clear break distance from the ex- 
ternal contact of each interrupter to the 
crosshead contact, with the breaker in 
the open position, was 32 inches. The 
six gaps of each interrupter add approxi- 
mately 20 inches to that clear-break dis- 
tance thus making the total clearance 52 
inches from the live part of the lower end 
of the bushing to the crosshead in the open 
position. 

Cam mechanisms for the operation of 
high-voltage breakers, are a recent de- 


Figure 3. Six-break interrupter for 230-kv 
oil circuit breakers with housing removed and 
partially disassembled 


Spurck, Strang—Multibreak Interrupter 


velopment designed to improve on sole- 
noid and centrifugal motor-type mecha- 
nisms in the following respects: 


(a) Faster closing, or shorter closing time. 


(b) Better proportioning of the driving 
output of the mechanism to the load re- 
quirements of the breaker. 


(c) Lower operating currents for the same 
duty. 


(d) Reducing slam and overtravel at the 
end of the closing stroke. 


Figure 4 shows a diagram of a cam 
motor mechanism of the type used on the 
test breaker, The driving element of 
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TRIPPING SOLENOID 
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BREAKER OPERATING 
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CAM 
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Figure 4. Diagram of cam-type operating 
mechanism for oil circuit breakers 


this mechanism consists of a specially 
designed high-starting-torque motor ar- 
ranged to rotate a cam approximately 
270 degrees through a spur-gear reduc- 
tion. Such a driving unit is substituted 
for the solenoid coil and plunger of sole- 
noid mechanisms, thereby utilizing the 
same simple and reliable linkage used 
on modern solenoid mechanisms and 
retaining the feature of being mechani- 
cally trip-free in all positions. Tests 
show that these mechanisms which com- 
bine the features of the present improved 
solenoid linkage with the motor-driven 
cam, eliminate the slow starting of sole- 
noids caused by the slow current build up 
and permit proportioning of the cam in 
accordance with actual output require- 
ments. The result is the attainment of 
the objectives noted above. 

The Saugus substation is a switching 
station for 66-kv and 230-kv lines. Oil 
circuit breakers and disconnecting 
switches in the station are so arranged 
that various lines entering the station can 
be connected individually or in combina- 
tion to the test breaker in such a way 
that single-phase line-to-ground short cir 
cuits on the 220-kv system would pro- 
duce approximately the equivalent three- 
phase values shown in table I. 

All of the tests were made in one day. 
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No inspection of contacts or adjustments 
were made during the tests. Table II 
shows the results of the interrupting test, 
table III the charging current tests. The 
oil in all tanks tested at 30 kv between 
one-inch-diameter flat disks spaced 0.1 
inch apart at the beginning of the tests 
and also at the conclusion of the tests. 
Oil color remained substantially un- 
changed during the tests. In order to 
check the condition of the contacts as 
the tests progressed, contact resistance 
measurements were made at frequent 
intervals during the tests. These tests 
were made by measuring the voltage 
drop across the breaker pole at currents 
of 400 amperes and 600 amperes. No 
change in contact resistance was indi- 
cated during or after the tests. Ex- 
amination of the interrupters after the 
tests showed that they were substan- 
tially in the same condition as when in- 
stalled. There was slight burning of 
the fiber burning plates opposite the 
contacts but the ports themselves had 
only slight discoloration over a part of 
their surface. Some insulation re-en- 
forcing barriers were displaced because 
of inadequate holding screws which can 
easily be strengthened in future designs. 
Contacts were only slightly burned, as 
shown on the photograph of representa- 
tive contact samples, figure 7. This 
contact burning is considered so minor 
that it is estimated that the contacts 
could have been subjected to ten times as 
many operations without impairing their 
current-carrying ability. 

Oscillograms recording current, volt- 


Figure 5. Oscillogram of test number 5A-2. 

Test breaker closed on, and interrupted a 

short circuit of 1,700,000 kva at 216 kv. 

Breaker interrupting time 1.96 cycles, total 

short-circuit duration 2.56 cycles. 50 cycle 
system 
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age, crosshead travel, trip coil current, 
etc., were taken for all short-circuit tests. 
Short-circuit currents transformed by a 
bushing-type current transformer and by 
a conventional wound transformer, were 
recorded on the oscillograph. The cur- 
rents indicated by the bushing current 
transformer were, in general, slightly 
higher than those indicated by the wound 
transformer. Values shown in table I 
are calculated from the currents regis- 
tered from the bushing-type transformer. 
The oscillogram of test 54-2 shown on 
figure 5, is typical of those obtained on 
the short-circuit tests. This test is of 
particular interest in that it represents 
a CO test during which 1,700,000 kva 
was interrupted and which was made 15 
seconds after test 54-1 a CO operation 
interrupting 1,700,000 kva. In this lat- 
ter test, the total time of short circuit 
was 2.56 cycles from the time the short 
circuit was established to interruption, 
including relay time. 
Line-charging-current test oscillograms 
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Figure 6. Oscillogram of test number 8 re- 
cording interruption of line charging curren} 
of 70 miles of line 


Line voltage—216 kv 

Current phase B—42.2 amperes 
Interrupting time phase B—3.88 cycles 
Current phase C—59.0 amperes 
Interrupting time phase C—3.36 cycles 
50-cycle system 


included records of voltage, crosshead 
travel and the charging current in each of 
two lines. Oscillogram of test Number 8, 
an opening operation designated as 
figure 6, is representative of the line 
charging current tests. Although the 
oscillogram tells its own story, it is not 
considered superfluous to call attention 
to the disappearance of the normal-fre- 
quency current and the appearance of 
high-frequency high-current oscillations 
in the oscillograph line-current record 
after the breaker contacts parted. Fur- 
thermore, although the breaker interrupt- 
ing time when interrupting line charging 
current (maximum recorded value 3.88 
cycles) was longer than the breaker inter- 
rupting time on large short circuits, it 
was, nevertheless, slightly shorter than 
the interrupting time of the CO tests on 
short circuit of approximately 386,000 
kva on which the breaker operating time 
was 4.22 cycles and which was the maxi- 
mum value recorded for any test. 

Two series of 138-kv field tests were 
made on the four-break interrupters at 
the Philo station at The Ohio Power 
Company. The details of these tests 
including a description of the system 
setup and a tabulation of results are 
given in a companion paper by Sporn and 
St. Clair.4 
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* 50-cycle system. 


_ ** Same connections as for previous tests. 


In brief, the tests were made on a new 
1,500,000-kva 60-inch tank breaker 
equipped with a new high-speed trip cam 
mechanism and four-break interrupters 
which, in turn, were built with single 
port openings adjacent to each interrupt- 
ing break and of somewhat lighter con- 
struction than those used on the circuit 
breaker tested at the Saugus substation. 
Twenty-one three-phase tests were made 
both opening and closing-opening (CO) 
at capacities ranging from 239,000 to 
1,860,000 kva with no delay or inspec- 
tion. Although the twenty-first test 
cleared the circuit without distress, it 
was found on the next test that one pole 
was open-circuited due, as found by later 
inspection, to a ruptured cylinder occur- 
ring on the twenty-first test. 

After disconnecting two poles, includ- 
ing the damaged one, the tests were con- 
tinued single phase to ground on one 
pole until on the twenty-fifth test at 
1,910,000 kva, or 25 per cent above the 
rating of the breaker, the interrupters in 
this pole also suffered mechanical dam- 
age. However, the breaker interrupted 
the circuit in the normal time of 3.3 
cycles with no outward evidence of dis- 
tress. 

Although these tests indicated gratify- 


Figure 7. Representative contacts of in- 
tests at Saugus 


terrupter after substation 
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Table Ill. Line-Charging-Current Interrupting Tests on a 230-Kv System 


Line Charging Breaker 
: Current Interrupting 
Kind of Test (Amperes) Time (Cycles*) 


ep Onehing cane i Cray, ae apis 3.08 
Mneninge vas cte ss 1) a oe ae 3.36 


Clostagenesceoka 43.2 
Opening....... No record ** 
Opening....... No record ** 


ing performance at capacities consider- 
ably above the breaker rating and with 
maximum operating time of 4.6 cycles, 
it was considered quite obvious that cer- 
tain modifications and additional tests 
would have to be made. Accordingly, 
after making two modifications in the 
interrupters—(1) increased size of vents 
to reduce pressures at high currents; 
and (2) slight rearrangement of insulating 
parts to obtain better arc control, a 
second series of tests was carried out on 
two poles only of the three-pole breaker, 
one pole equipped with interrupters 
modified by having two port openings, 
instead of one, adjacent to each inter- 
rupting break. These extra openings 
provide additional venting to relieve the 
pressure inside the cylinder, and at the 
same time the wall between them acts as 
an are splitter, the efficacy of which 
has been demonstrated previously. The 
other pole was equipped with single port 
interrupters substantially the same as in 
the previous series of tests. After six 
two-phase-to-ground tests, going to values 
above the rating of the breaker, the 
single port interrupters again suffered 
mechanical damage and the tests were 
continued single phase to ground on the 
double port interrupters, completing the 
schedule of 13 tests without further 
trouble. In all of these 13 tests at duties 
from 382,000 to 2,030,000 kva, the maxi- 
mum interrupting time was five cycles 


and out of the nine tests which were 
above 1,400,000 kva, the maximum time 
was 3.9 cycles. After these tests, the 
oil showed only slight deterioration, and, 
as in the case of the Saugus tests, the 
Elkonite-surfaced contacts showed prac- 
tically no burning nor did any of the other 
parts of the interrupter show any de- 
terioration or signs of distress. 

Since 1926, three major series of oil- 
circuit-breaker interrupting tests have 
been made on the 138-kv system of the 
Ohio Power Company. Figure 8 com- 
pares the results of these three series of 
tests and shows a reduction in oil-circuit- 
breaker interrupting time that has been 
realized since the first series in 1926. 
Figure 8 also gives an indication of the 
increase in power concentration on the 
system. During the tests made in 1926 
at Canton,® a circuit breaker equipped 
with plain explosion chambers interrupted 
up to 750,000 kva at 138 kv in 15 to 20 
cycles. This represented a marked im- 
provement in performance over the 
plain break contacts of an earlier day. 
By 1930,° about 1,750,000 kva was avail- 
able for field testing at Philo, and oil 
blast chambers gave over-all operating 
times of eight cycles or less. In 1937, the 
system short circuit had grown to over 
2,000,000 kva, providing the largest 
amount of power ever made available for 
oil circuit breaker field tests. During 
these tests, the double-port multibreak 
interrupter successfully cleared all cur- 
rents over this range with a maximum 
breaker interrupting time of five cycles. 
Contrary to what might be expected, 
there is scarcely any measurable differ- 
ence in breaker interrupting time of the 
single and double port interrupters. 


Figure 8. Comparison of oil circuit breaker 
interrupting time as shown by tests on a 138-kv 
system 


Dark circles—single ports 
Dark squares—double ports 
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The consistency of performance is best 
indicated by the fact that above 1,300,000 
kva every operation fell in a narrow band 
between three and four cycles. 


Conclusion 


The multibreak interrupter follows 
logically the development of earlier 
oil-blast chambers and the superspeed 
impulse breaker. Proved by both labo- 
ratory and field tests, it makes available 
performance closely approaching the 
impulse designs for voltages 115 kv and 
above, but in circuit breakers of rela- 
tively conventional and inherently less 
costly design. It also affords a means of 
obtaining the advantages of this still 
higher speed operation on many breakers 
already in service when changing system 


conditions indicate such a need. Many © 


existing circuit breakers may be modern- 
ized with these chambers to secure the 
superior performance demanded by a pro- 
gressive and growing industry. 
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Discussion 


J. B. MacNeill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The paper by Spurck and Strang 
and that by Sporn and St. Clair, both on 
the subject of high-voltage circuit inter- 
ruption, are valuable additions to this art 
and demonstrate a high grade of ability in 
modern interrupters built along conven- 
tional lines. 

It has been realized for some years that 
to obtain maximum interrupting speed 
on high-voltage circuits it is necessary to 
introduce multiple breaks. The idea of 
using groups of series interrupters isolated 
in the open position by a moving contact 
arm was developed several years ago. 

Figure 1 of this discussion shows an 
early construction of this method. By it is 
obtained the necessary increase of total 
contact speed while maintaining reasonable 
velocities of the heavier moving parts. 
The follow-up action of the moving contact 
establishes a large open break after inter- 
ruption has taken place. A construction 
having adequate 60-cycle and impulse 
voltage tests is thus secured with the re- 
quired high speed of circuit interruption. 
Since the weight of moving contact material 
approaches that of an ordinary two-break 
device, there is no sacrifice in the closing 
speed necessary for synchronizing and high- 
speed reclosure. 

An outstanding application of this prin- 


Figure 1 
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ciple was employed in the 287,000-volt 
breakers at Boulder .Dam, which were 
covered in the paper by Wilcox and Leeds, 
presented at the Pasadena convention in 
1936. Figure 2 shows the arrangement of 
contacts there used. With this construc- 
tion circuit breaker times of well under 
three cycles have been obtained for the 
highest commercial voltages. Figure 3 
shows an oscillogram of one-half a pole 
unit opening 2,900 amperes at 132 kv at a 
total time of 2.45 cycles on a 60-cycle cir- 
cuit. 

There has been some speculation as to 
the possibility of securing this type of 
performance in dead-tank structures at high © 
voltages. Previous AIEE papers have 
referred to the unequal distribution of 
voltages between breaks, particularly with 
grounded short circuits. No particular 
means for taking care of this problem is 
evident in the design described by the 
authors. We would like to have their 
ideas as to the voltage distribution which 
takes place between the breaks with their 
designs under different conditions of short 
circuit. Is 90 per cent of the voltage across 
the ungrounded side in case of a grounded 
short circuit? 

Means for securing suitable voltage dis- 
tribution in such structures have been 


Figure 2 
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Figure 3 


known for years and are useful in securing 
60-cycle voltage tests and impulse tests as 
well as during arc interruption. Figure 4 
shows a disclosure of the fundamental idea 
of electrostatic distribution between arcs as 
applied to oil circuit breakers made ap- 
proximately ten years ago. The complete 
theory was covered in an AIEE paper by 
R. C. Van Sickle published in ELecrricar 
ENGINEERING for August 1937. 

The papers by Sporn and St. Clair and by 
Spurck and Strang are noteworthy as show- 
ing variations of the construction referred 
to above and also applied to dead-tank cir- 
cuit breakers. We hold that it is fortunate 
that the improved operation cited in the 
test results given in these papers has been 
obtained in conventional constructions which 
have a direct bearing on many existing 
American high-voltage stations, and which 
are usable in much old apparatus, as well as 
that offered for future sale. It would be un- 
fortunate if ideas previously expressed to 
the effect that high-speed operation is ob- 
tainable only in porcelain structures should 
gain ground. The work of the past four 
years points to the conclusion that the 
highest grade of switchgear performance is 
obtainable, and with large factors of safety, 
in a standard dead-tank unit. 


Figure 4 
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half of the pole unit out of service. 


The writers speak of the 138-kv breaker 
as a four-break design and of the 230-kv 
type as a six-break design. They refer, 
in using these designations, to the number 
of points at which circuit rupture is ac- 
complished. However, it seems to me that 
the 138-kv design has 10 breaks, consisting 
of 4 circuit-interruption breaks, 4  gas- 
generating breaks and, in addition, the 2 
long isolating breaks. In the same way 
the 230-kv design has 14 breaks consisting 
of 6 circuit-interrupting breaks, 6 gas- 
generating breaks, and the 2 isolating 
breaks. Since the circuit presumably is 
interrupted in practically all cases before 
the isolating breaks get under way, there 
will be no contact depreciation at these 
points, but the other breaks share equally 
in contact burning and oil depreciation and 
we feel therefore that both the circuit- 
interrupting breaks and the gas-generating 
breaks should be recognized. 

Both designs incorporate a number of 
breaks in a single container and reference 
is made in each paper to difficulties with 
this container during the process of develop- 
ment. Failure of the container places one- 
Would 
not a rearrangement of the interrupters in 
individual containers, such as shown in the 
design of figure 2 give greater mechanical 
strength and greater assurance of operation 
in case of breakage of an individual unit? 


W. F. Sims (Commonwealth Edison Com- 
pany, Chicago, Ill.): The papers presented 
by Mr. Spurck and Mr. Sporn cover the 
development and test of an important ad- 
vance in the art of arc interruption and bring 
to mind a few thoughts that should be of 
interest in this connection. 

During the long period of financial stress 
to which we have all been subjected the 
manufacturers have gone steadily ahead 
with constructive research and development 
in bringing out improved devices of greater 
interrupting duty and shorter arcing time. 
They should be commended for their fore- 
sight in carrying on this work under adverse 
conditions, which insures to the utilities 
the availability of new equipment to meet 
the more severe and ever changing re- 
quirements. Because of this attitude on 
the part of the manufacturers we can have 
full confidence that new equipment will 
continue to be produced as required. 

In connection with the tests on this 
equipment, it is a noteworthy fact that 
these two companies had such confidence 
in the soundness of the design and in the 
integrity of construction of their systems 
as to be willing to permit short circuits to be 
placed on their systems under maximum 
conditions. Much credit is due these 
companies for their courage and willingness 
to carry out these tests in the field under 
the conditions to be met in actual operation. 

The high-power laboratories at the fac- 
tories, which represent large investments on 
the part of the manufacturers, are of great 
value in the working out of new designs 
and in testing their component parts. 
However, it is not economically feasible to 
provide laboratories that would subject 
the equipment to the same conditions 
that would have to be met inservice. The 
interests of both the manufacturers and the 
utilities are very greatly advanced because 
of the willingness of these companies to per- 
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mit these field tests to be made upon their 
systems. 

It is important to note that the manufac- 
turers in their developments kave designed 
these improved are interrupting devices in 
such manner that they can be used to re- 
place corresponding parts of older design 
and can be installed within the structures 
of existing equipment. This is an economic 
achievement which will save the utilities 
large investment expenditures when the 
breakers now on their systems become in- 
adequate to meet the more severe condi- 
tions brought about by system growth, 


E. E. George (Tennessee Electric Power 
Company, Chattanooga): One of the most 
interesting features of high-speed breakers 
associated with high-speed relays is the 
ease with which staged tests can be made on 
week days during peak load conditions at 
any point on the system. When making 
staged tests ten years ago it was frequently 
necessary to select an isolated corner of the 
transmission system, provide a_ special 
generating setup, change many relay set- 
tings, and schedule the tests between mid- 
night and 5:00 a.m. on Sunday or Monday 
when the industrial load would be at a 
minimum. Even then power sales depart- 
ments and customers’ electricians needed 
considerable reassurance. 

With eight-cycle breakers and high-speed 
relay, tests are now made satisfactorily 
during peak load periods at the heart of the 
system without disturbance to customers 
and without re-arrangement of system con- 
nections or generating setup. 


H. A. Lott (Southern California Edison 
Company, Ltd., Los Angeles): Engineers 
of the Southern California Edison Company, 
Ltd., have been interested in the moderniza- 
tion of existing 220-kv breakers as an essen- 
tial part of the program for continued im- 
provement in continuity of service. The 
first step in the program of modernization 
was made in 1932, when six 220-kv breakers 
were rebuilt on the basis of 12 cycles, on a 
50-cycle base. Subsequent development 
and experience resulted in revised specifica- 
tions calling for eight-cycle interruption, 
whereas more recent development and ex- 
perience indicated a still further reduction 
in over-all time of clearing not to exceed five 
cycles as being the probable practical limit 
for the clearance of short circuits by the 
addition of modern interrupters to existing 
breakers. 

The modernization program has con- 
tinued since 1932. At present, 62 out of a 
total of 103 220-kv breakers have been re- 
built to 12 cycles or better. The program 
has progressed at a conservative rate in 
order to take advantage of new develop- 
ments, and also to receive some operating 
experience with higher speed clearances, 
which would tend to establish a practical 
balance between the added cost of still 
higher interrupting speeds and the necessity 
for such higher speeds. 

The Southern California Edison 220-kv 
system is characterized by extensive high- 
voltage transmission lines. The generation 
is predominantly hydroelectric, with 399,000 
kilowatts concentrated in the five Big Creek 
plants located 250 miles from the load 
center. The hydro generation is supple- 
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mented by 355,000 kilowatts of steam 
generation located at Long Beach, 25 miles 
from the load center. These two major 
plants, which are 275 miles apart, are inter- 
connected with 825 circuit miles of 220,000- 
volt transmission line. This portion of the 
system, together with the seven step-down 
substations and 400,000 kvs of synchronous 
condenser capacity, must transmit and 
transform 85 per cent of all of the energy 
generated by the Edison system. 

The importance of fast clearances on this 
system is evident when under maximum 
short-circuit conditions of 2!/, million kva 
an over-all clearance of five cycles is re- 
quired in order to prevent instability fol- 
lowing multiphase short circuits during 
heavy load conditions. During the past 
six years, 116 short circuits have been 
cleared from the 220-kv system. Four of 
the short circuits started multiphase, while 
11 of the short circuits developed into multi- 
phase after an average duration of about 15 
cycles; the remainder were single conductor 
to ground short circuits. If it is possible to 
clear all faults in 12 cycles, we can expect 
to have two cases of instability each three 
years, based on the past six years experi- 
ence, whereas clearances in the order of 5 
to 8 cycles would be expected to eliminate 
most of the cases of instability caused by 
short circuits which start multiphase. 

Since the program of rebuilding breakers 
was started, it has been found that the 
damage at the point of fault is now prac- 
tically negligible, when the clearance is ef- 
fected in 15 cycles or less. The damage at 
points of flashover is so slight that it is now 
necessary to climb towers and make a close 
inspection in order to locate the trouble. 
An effort is now being made to determine 
the approximate location of such faults by 
utilizing recorded values of ground current. 

In order to assist in the development of 
high-speed interrupters, it was realized 
that it would be necessary to supplement 
factory tests, where certain limitations in 
both voltage and capacity exist, by field 
tests under actual operating conditions, 
where maximum short-circuit duties of 21/4 
million kva were available. Accordingly, 
the first series of field tests at 220 kv were 
made at our Saugus substation in October of 
1936, when a total of 15 short circuits, 
varying from 300,000 kva to 1,700,000 kva 
were made without indication of instability 
or without inconvenience to consumer’s 
service. From these tests, it was evident 
that if the over-all time of clearance was 
in the order of five to eight cycles, similar 
tests could be carried to the maximum 
values of 21/, million kva without instability 
or inconvenience to consumer’s service. 

Subsequent to the 1936 tests, the first 
series of tests on the ‘New Multibreak 
Interrupter” described in the paper pre- 
sented by Messrs. R. M. Spurk and H. E. 
Strang, were made in April of 1937, with 
short circuits varying from 300,000 kva to 
1,700,000 kva. These tests proved the 
electrical performance of the new inter- 
rupter, but indicated a mechanical weak- 
ness that could be readily overcome. The 
second series of tests on this type of inter- 
rupter was made in October of 1937, with 
the results as described by the authors. 

During the tests at Saugus, the system 
generating capacity, interconnected during 
each test, was 560,000 kva; of which 360,- 
000 kva was at Big Creek, 210 miles from 
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the point of fault, and 200,000 kva was at 
Long Beach, 65 miles from the point of 
fault. Including the synchronous con- 
denser capacity of 400,000 kva, which 
was in operation at the time of test, the 
total synchronous capacity was 960,000 kva. 

The Saugus 220-kv construction is our 
standard 220 ky double-bus construction 


with two breakers, one to each bus for, 


each position, which greatly facilitated the 
switching necessary to obtain the various 
values of short-circuit current. A com- 
plete duplicate opening and closing circuit 
for both the test and back-up breakers, to- 
gether with the test relays, oscillograph, 
etc., were set up in a temporary relay house 
just outside the bus yard. A portable dark 
room was installed near the relay, house to 
provide facilities for developing films be- 
tween each test. The several values of 
short-circuit current were obtained by open- 
ing lines of different lengths from the load 
bus and closing them to the test bus at 
Saugus. The maximum values were ob- 
tained by paralleling the load bus and the 
test bus. 

The test was completely planned and a 
printed program giving each step in the 
operating procedure was distributed to the 
system dispatchers, and all operators con- 
cerned in advance of the test. Telechron 
clocks were synchronized before the test 
started, and the 220-kv station operators 
were notified about five minutes prior to 
each test, of the exact time of each test. 
One man was selected to maintain all con- 
tact between the test location and the sys- 
tem load dispatchers, so that after each 
system setup had been completed, a time 
was selected and the short circuits applied 
without further instructions. As a result, 
the tests progressed rapidly. Four differ- 
ent line and bus arrangements were made to 
obtain the short-circuit-current values, 
and 15 short circuits were imposed and 
cleared between 9:15 a.m. and 2:00 p.m. 

The results, from an operating stand- 
point, were ideal in every respect. There 
was no dip in system speed, and a maxi- 
mum voltage dip of only 7 per cent was 
recorded under the most severe condition. 
There were no consumer complaints, since 
in every one of the 15 cases, the short cir- 
cuit was cleared with but a barely percept- 
ible flicker of consumer’s lights. It was 
again established that short circuits would 
not impose an inconvenience to consumer’s 
service if cleared by high-speed relay and 
breaker operation. The performance of the 
switch was such that following an inspection 
of the contacts, the breaker was placed in 
routine service without requiring any fur- 
ther adjustments. 

The authors are to be congratulated for 
their presentation of such an interesting 
paper, marking another step toward better 
continuity of service through the medium of 
improvement in circuit breaker design. 


A. C. Schwager (Pacific Electric Manufac- 
turing Corporation, San Francisco, Calif.) : 
It-is gratifying to notice the improvement 
obtained with the fast-clearing circuit 
breaker described by the authors over the 
two-break oil-blast breaker. The reduc- 
tion in opening time is accomplished mainly 
by the use of the multibreak principle 
which seems to become the conventional 
means among all manufacturers for obtain- 
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ing fast interruption. For an analysis of 
the effectiveness of the device described it 
would be interesting to know the arcing 
times present during the interruptions listed 
in table II and the possible improvement 
in performance if potential grading had 
been used. 


R. M. Spurck and H. E. Strang: We ap- 
preciate the constructive and interesting 
discussions presented on this paper. The 
discussions of Messrs. George Lott and Sims 
add materially to the paper and do not 
seem to require any further discussion from 
the authors. Mr. Lott’s comments are of 
particular importance as they apply to the 
Southern California Edison System on which 
the 220-kv tests were made. 

Messrs. MacNeill and Schwager ask 
about the potential distribution across the 
contacts. As stated in the paper, no means 
for grading the voltage across the various 
breaks was provided except that resulting 
from the normal arrangement of parts. 
The natural grading so obtained was so 
effective, as evidenced by the excellent per- 
formance of the breaker, that the addi- 
tional application of artificial grading was 
not justified. In general, the arcing times 
obtained during the tests listed in table I 
were between one-half cycle and one cycle. 

We emphasize that breakers with this 
type of interrupter are intended for five- 
cycle operation. Breakers for three-cycle 
operation at 287 kv, as used on the Boulder 
Dam, Los Angeles line, are of the impulse 
type described by Mr. D. C. Prince before 
the Institute in 1935. (D.C. Prince, “‘Cir- 
cuit Breakers for Boulder Dam Line,” 
AIEE Transactions, volume 54, 1935, 
page 366). In that paper, the results of 
various tests are listed. One test shows 
one-half of one pole of the breaker clearing 
730 amperes at 264 kv in 2.45 cycles. That 
performance is much better than the per- 
formance shown on the oscillogram pre- 
sented by Mr. MacNeill in his discus- 
sion, where one-half of a pole unit of a 287- 
kv breaker interrupted 2,990 amperes at 
132 kv in 2.45 cycles. Even though the 
multibreak interrupter cleared the circuit 
in all cases substantially under its rating 
of five cycles, we have found no reason for 
departing from the impulse-type porcelain- 
clad breaker of the type used on the Boulder 
Dam, Los Angeles line when three-cycle 
operation at high voltage is required. 

Some question has been raised on the 
number of breaks used. The text of the 
paper and the captions of the illustrations 
refer to the number of breaks per inter- 
rupter. Thus, if six-break interrupters are 
used as for the 220-kv tests, there are twelve 
breaks total in the two interrupters in addi- 
tion to the isolating breaks. 

Mr. MacNeill discusses the advantages of 
multibreak interrupters which do not re- 
quire main moving contacts more compli- 
cated or heavier than those used in con- 
ventional two-break tank-type breakers. 
The multibreak interrupters described in 
our paper have such desirable features. 
Also, these interrupters have been designed 
with one housing surrounding a group of 
breaks rather with one housing for each 
break or pair of breaks in the interest of 
greater strength of the housing, simplicity 
of construction, and ease of housing re- 
moval for inspection, 
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lhatAdds Life To 
Station Insulators 


RAFTSMAN extraordinary, the pattern maker, with a 

deftness in shaping wood born only of long experience. 
Craftsmen, too, are the clay ballers, trimmers, assemblers and 
other skilled workers who make O-B switch and bus insulators. 
They’ve had many years of experience in making the tremendous 
number of pillar insulators produced by O-B. To buyers of 
station insulation, this experience provides a guarantee of uni- 
formity, a guarantee of exactness in translating correct designs 
into trouble-free, long-life units. Good electrical performance, 
high mechanical strength, adequate thermal stress relief, accurate 
alignment, resistance to weather—these are the qualities they 
build into every insulator. If you demand both efficiency and 
economy of station insulators, specify O-B. Countless service rec- 
ords prove that these units give maximum life—at the lowest cost. 


OHIO BRASS 
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Jahre thets way lo 


Get the Story on Why Engineers 
Throughout the Country Specify Allis- 
Chalmers Equipment... Find Out How You 
Can Cut Your Operating Costs... Increase 
Your Revenue ...Get More for Every Dollar 
You Spend... with the Equipment that 
Pays for Itself! 

How can you increase revenue on your lines ... 
make your equipment pay you larger dividends 
... get more earnings? The shortest way ... the 
way engineers all over the country have found 


. is to specify Allis-Chalmers 


electrical equipment. 


the sure way .. 


Allis-Chalmers equipment is engineered to cut 
your costs ... to pay you more for every dollar 
you invest ... to furnish trouble-free, de- 


pendable operation at a lower over-all cost! 


The most efficient steam turbines in his- 


mers to give you maximum reliability and 
performance at the same cost as ordinary ones 

. metal-clad switchgear, pioneered by Allis- 
Chalmers in 1924, built for fool-proof, safe, and 
low-cost operation . . . all these combine to cut 
your operating cost to a minimum... raise your 


revenue to a maximum! 


No wonder Allis-Chalmers is frequently called 
upon to solve difficult problems in power ap- 
paratus manufacture and application. Engineer- 
ing background, research, service . . . get you the 
right equipment to do the job you want done. 
Call the Allis-Chalmers District Office nearest 
you. Get the details. Find out how you can cut 
costs and increase revenue on your system 

- when you put 90 years of engineering 
experience to work for you! 
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tory .... power transformers that give you 


ALLIS-CHAEMERS 


extra, money-saving features at no extra 
cost . .. distribution transformers that in- 
corporate features evolved by Allis-Chal- 


ca 


MILWAUKEE-WISCONSIN 


POWER TRANSFORMERS WITH 
EXTRA, MONEY-SAVING FEATURES 
AT NO EXTRA COST 


@ The No-Load Tap Changer reduces operating 
costs, contributes to more efficient, safer trans- 
former operation. 


@ The Uni-Directional Breather reduces the num- 
ber of times oil filtering is necessary. 


@ The Oil-Sealed System eliminates the need of 
periodic adjustment or replacement of mechanical- 
ly operated devices. No continuous gas supply is 
required. Oil is kept free of sludge and moisture. 


All of these features, plus others, are obtainable 
at no extra cost. These transformers are built in 
the largest commercial sizes. They meet all kinds 
of special conditions of operation most economical- 
ly, considering installation, performance, and main- 
tenance. Bulletin 1182 gives you complete details. 


SAVE ON BUILDING COSTS...USE 

ALLIS-CHALMERS METAL-CLAD 

SWITCHGEAR FOR YOUR OIL CIRCUIT 
BREAKER INSTALLATIONS 


You can save money by reducing struc- 
tural costs when you install Allis-Chal- 
mers Metal-Clad Switchgear. Shipped 
completely assembled, ready for instal- 
lation. No specially prepared building 
is necessary. And you get interrupting 
capacity with the highest possible de- 
gree of safety . . . low cost .. . easy 
maintenance and inspection . . . depend- 
able performance under all service con- 
ditions. No human error is possible in 
the sequence of switching operations. 
Write for Engineering Bulletin 1145-B. 


%% HALF-CYCLING 
STEP REGULATORS 


Smooth regulation of primary 
feeders pays a good return on 
your voltage regulator investment 
in terms of increased load and 
customer satisfaction. The smaller 
the size of step, the closer the 
voltage can be regulated . . . the 
smaller the voltage and kva to be 
handled by the tap-changing 
mechanism. You get better con- 
tact performance . . . smoother 
operation . . . less maintenance 
trouble and expense. For these 
advantages, informed engineers 
favor 5g% Half-Cycling Step 
Regulators over other types. Send 
for Engineering Bulletin 1170-B. 


ALLIS-CHALMERS DISTRIBUTION 

TRANSFORMERS ARE READILY 

ADAPTABLE TO CHANGING SERVICE 
OR LOAD CONDITIONS 


Your transformer dollars go farther when you in- 
stall Allis-Chalmers distribution transformers. 
These well-designed, service-proved transformers 
fit into your operating practice . . . are readily 
adaptable to changing service or load conditions. 
You get surge-protected design. You get solder- 
less connectors and stud bushings. You get bush- 
ing coordination. Improve your service and lower 
your maintenance costs with Allis-Chalmers dis- 
tribution transformers, Write for Bulletin 1173. 


INCREASE YOUR REVENUE WITH ALLIS-CHALMERS 


For Hard Usage... 


your Best B 


MERCLAD “rubber ar- 
mored” cords and cables 

are built to take punishment. 
Wherever portable conductors get rough us- 
age—in mines, factories, garages or machine 
shops; in contact with oil, mud or acid waters 
—you are likely to find Amerclad on the job. 
There are many sizes and types of Amer- 
clad designed for many purposes — from 
slender Bards that can be wrapped around 


AMERICAN STEEL 


& WIRE 


your finger to high-voltage 

power cables as big as your 

arm. But, large or Sal they 

are all Amerclad and all have the same pro- 
tective jacket of tough “tire-tread” rubber. 
We will be glad to send you free of charge 
our Amerclad catalog. It is profusely fhe 
trated and describes a great variety of flexi- 
ble, hard-wearing Amerclad All-Rubber 
Cords and Cables Why not write us today. 


COMPANY 


Cleveland, Chicago and New York 


Columbia Steel Company San Francisco, Pacific Coast Distributors e« United States Steel Products Company, New York, Export Distributors 
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Ladustrial Notes 


Leads In Rural Electrification.—North 
Carolina now leads the south in number of 
customers being served by rural electric 
lines, with a total of 45,425 users on lines 
either built or authorized up to July 1, 
1938, according to the North Carolina 
Department of Conservation and Develop- 
ment. In 1937 North Carolina ranked in 
fifth place in the U. S. in number of farms 
electrified. In the three years preceding 
July 1938, more than 7,000 miles of rural 
electrification lines have been completed 
and more than 1,000 miles were under con- 
struction or authorized. Of these lines, 
6,467 miles were built or authorized by the 
public utility companies operating in that 
state, while 565 miles were built or author- 
ized by municipalities; 1,151 miles were 
built or authorized by the Rural Electrifica- 
tion Administration. 


Marine Order to Westinghouse.—The sale 
of nearly a million dollars worth of propul- 
sion and other marine gear to the Standard 
Oil Company of New Jersey was effected 
recently by the Westinghouse Electric & 
Mfg. Co. This material will be used in the 
outfitting of a fleet of twelve new twin- 
screw oil tankers. These ships will be 
notable for their speed—18 knots trial 
speed when fully loaded. The tankers will 
be propelled by high pressure steam tur- 
bines developing 13,500 shaft horsepower. 
Each vessel will have an overall length of 
551 feet and a cargo capacity of 145,000 
barrels. 


New Industrial Glass Division.—The An- 
chor Hocking Glass Corporation, Lancaster, 
Ohio, has established a new industrial di- 
vision to cooperate with manufacturers in 
promoting the use of glass for many in- 
dustrial purposes. In the electrical field 
the company is prepared to produce glass 
in practically all forms for insulating parts, 
meter covers and other uses. 


General Electric Appointment.—O. H. Van 
Amberg, engineer of wiring systems for the 
General Electric construction materials 
division, Bridgeport, Conn., has been 
assigned to special duties in connection 
with all U. S. Government bureaus and 
Federal projects, and will henceforth make 
his headquarters in Washington, D. C. 


Ohio Brass Appointment.—Claude R. 
Kingsbury has been appointed representa- 
tive, with headquarters in Seattle, Wash., 
of the Ohio Brass Co., Mansfield, O. He 
succeeds J. W. Watkins, resigned. Mr. 
Kingsbury has been with Ohio Brass since 
1927, first at the Barberton insulator plant, 
in charge of the electrical laboratory and 
more recently at the Mansfield plant en- 
gaged in street railway and trolley coach 
engineering. 


New Fiber Glass Company.—The Owens- 
Illinois Glass Co. and Corning Glass 
Works have formed the Owens-Corning 
Fiberglas Corporation, which will produce 
a variety of products made from fiber glass. 
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The result of the extensive research facilities 
of these two companies, the products to be 
manufactured by the new corporation are 
said to promise revolutionary developments 
in many fields of insulation, construction 
and industrial design. Applications in the 
electrical industry are covered in an article 
“Fibrous Glass for Electrical Insulation,” 
which appears in this issue, beginning on 
page 480. 


rade Literature 


Voltage Regulators.—Bulletin 2326, 4 pp. 
Describes rocking contact voltage regulators 
for automatic control of small a-c and d-c 
generators. Allis-Chalmers Mfg. Co., Mil- 
waukee, Wis. 


Welding Accessories.—Bulletin 401, 36 pp. 
Describes arc welding electrodes and ac- 
cessories, and outlines procedure for the 
welding of various metals. Lincoln Electric 
Co., 12818 Coit Road, Cleveland, O. 


Zinc Castings.—Booklet, 24 pp. Describes 
and illustrates the use of zinc alloy die 
castings in industrial equipment. The New 
Jersey Zinc Co., 160 Front St., New York. 


Sectionalizer.— Bulletin, 4 pp. Describes 
“Line-Arc”’ repeating sectionalizer for the 
protection of d-c_ sectionalized power 
circuits in mines and for protecting power 
feeders for cranes, crane runways, etc. The 
Electric Controller & Mfg. Co., Cleveland. 


Industrial Vacuum Cleaners.—Bulletin 
A-303, 8 pp. Describes heavy-duty, in- 
dustrial portable vacuum cleaning units. 
United States Hoffman Machinery Corp., 
105 Fourth Ave., New York City. 


Synchronizers.—Bulletin 1193, 8 pp. De- 
scribes the ‘‘Synchro-Operator’”’ for auto- 
matically paralleling a-c generators, syn- 
chronous condensers, tie lines and fre- 
quency changers. Allis-Chalmers Mfg. Co., 
Milwaukee, Wis. 


Magnetic Clutches.—Bulletin 225, 16 pp. 
Describes magnetic clutches and combina- 
tion clutch brakes; applications are illus- 
trated. Stearns Magnetic Mfg. Co., Mil- 
waukee, Wis. 


Laboratory-Industrial Equipment.— General 
Radio catalog “K,” 216 pp. A com- 
prehensive volume describing in detail, 
with prices, a wide line of industrial and 
laboratory apparatus. Industrial devices 
include Stroboscopes (for observing and 
measuring fast moving operations in slow 
motion); Sound level meters, analyzers, 
d-e amplifiers and Variacs (recently de- 
veloped type of a-c voltage control). Other 
sections are devoted to Decade resistors, 
resistance units, volume controls, rheostat- 


potentiometers; Capacitors, air and mica 
capacitance standards, general purpose 
condensers; Bridges for measuring ca- 
pacitance, power factor, inductance, re- 
sistance; Oscillators; Amplifiers; Meters, 
vacuum-tube and rectifier-type voltmeters, 
power-level indicators and others; Fre- 
quency measuring equipment, primary and 
secondary standards, etc.; Standard-signal 
generators; Parts and accessories, audio 
transformers, switches, dials and knobs, 
plugs and jacks, coil forms, chokes, relay 
racks. Reactance charts and decibel tables 
are included. General Radio Co., Cam- 
bridge, Mass. 


Rectifiers.—Bulletin R-38, 8 pp. Describes 
recent developments in dry metallic recti- 
fier construction, their application and per- 
formance. Rectifiers and filter circuits are 
discussed and typical ratings shown. New 
developments include heavy duty single 
stack rectifiers and forced draft cooled 
units. The B-L Electric Mfg. Co., 18th 
& Washington Ave., St. Louis, Mo. 


Switchboards.—Bulletin 385, 8 pp. De- 
scribes ‘‘Vacu-Break’’ switchboards, con- 
stituting a more compact, modernized 
type of feeder distribution center and 
featuring quick-make and quick-break 
switching, with positive arc control. Bull 
Dog Electric Products Co., Detroit, Mich. 


Guy Strands.—Bulletin E. D. 1686, 8 pp. 
Contains tabular information on the physi- 
cal properties of guy strand, and notes on 
installation practices; includes a con- 
venient, graphical method of determining 
the required strength of guys. Copperweld 
Steel Co., Glassport, Pa. 


Insulation Testers.—Bulletin 405, 4 pp 
Describes type ‘‘OK’”’ megohmmeters for 
insulation testing. The instruments are 
made up with either 220-volt or 500-volt 
d-c generators, and with a range of either 
20 or 50 megohms. In addition, some of 
them are arranged with voltmeter scales 
so as to permit their use as a-c and d-c 
voltmeters. Herman H. Sticht & Co., 
27 Park Place, New York City. 


Potentiometer.—Cat. E33A (1), 12 pp. 
Describes a new Wenner potentiometer for 
the measurement of thermocouple and other 
voltages; range 0 to 0.11111 volt. Fully 
outlines the Wenner principle and its ap- 
plication; includes data about materials 
used and the reasons for their use, describ- 
ing how thermoelectric forces within the 
instrument are suppressed and compensated 
for. Leeds & Northrup Co., 4962 Stenton 
Ave., Philadelphia, Pa. 


Power Transformers.—Bulletin DD 211, 
16 pp. Describes completely self-protect- 
ing power transformers designed to provide 
a better standard service through a lower 
first cost installation than the equivalent 
rating in a conventional substation. These 
transformers are available in 1000 kva, 
OISC, 3 phase, 60 cycles, 55° C. tempera- 
ture rise, high voltage 13,200-13,860— 
12,540 F.C. delta, low voltage 4160 star, 
4-wire. They incorporate such features 
as automatic tap changing under load 
equipment, low voltage switch, thermal 
protection, lightning protectors and meter- 
ing. Westinghouse Elec. & Mfg. Co., 
East Pittsburgh, Pa. 
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LENTY of trouble for Baldy. But none on the A.C.S.R. 

lines, so the little game he started,“‘to trim the 
pikers,” lasted all night. He’s had a rough going over. 

You learn to expect a minimum of trouble when the 
conductors on your hi-lines and rural lines are Aluminum 
Cable Steel Reinforced; no need to have your gangs up all 
night waiting for trouble. Operating men everywhere re- 
port regularly that their A.C.S.R. lines have gone through 
serious ice, wind and electrical storms without injury. 

To the following factors, considerable credit must go 
for the enviable performance of A.C.S.R. lines: the light 
weight and corrosion resistance of Aluminum, the high 
strength of steel, and the perfected system of vibration 
control. ALUMINUM COMPANY OF AMERICA, 2149 Gulf 


Building, Pittsburgh, Pennsylvania. 
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GAUGING is practically a me- 
chanical operation in shops 
where U-S-S Electrical Sheets 
are used. Because these sheets 
are inherently flat and true to 
gauge, the lamination stacks 
are always solid and uniform. 


PUNCHING becomes relatively 
inexpensive when you reduce 
die wear and eliminate read- 
justments due to changes in the 
steel by using U-S-S Electrical 
Sheets. This blanking die for 
punching 16-gauge pole-piece 
laminations was carefully 
“miked” after 1000 punchings. 
It showed no apparent signs of 
wear. 
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You Can SAVE with 


U'S:S 
Electrical Sheets! 


1. PUNCHING 
The correct grade of U-S-S Electrical 


Sheets saves money in punching because 
of the uniform quality of the steel— 
every sheet is true to standard. They all 


STACKING of these rotor punch- 
ings has been substantially 
speeded up by the adoption of 
U-S-S Electrical Sheets. The 
operator no longer has to con- 
tend with burrs or nubs of 
metal which used to interfere 
with the production of tight, 
homogeneous rotor cores. Clean- 
punching U-S-S Electrical 
Sheets have eliminated that 
difficulty. 


CARNEGIE-ILLINOIS 


Pittsburgh 


Columbia Steel Co., San Francisco, Pacific Coast Distributors * United States Steel Products 


punch cleanly without causing excessive 
die wear. You get more laminations 
from a given press setup. Once adjusted, 
the press needs no further adjustments 
because of variations in the steel. 


2. STACKING 


Laminations that are punched cleanly, 
with no protruding burrs or metal nubs, 
stack much more easily. That’s why one 
workman can turn out more cores per 
day when he is stacking laminations 


punched from U-S-S Electrical Sheets. 


3. GAUGING 


U-S-S Electrical Sheets are always uni- 
formly flat and true to gauge. This keeps 
space factor to a maximum and speeds 
up the gauging operation. 


Choosing the right grade of electrical 
steel, and then seeing that it 1s correctly 
used, is a job that requires a rare combi- 
nation of talents. To do this job speedily 
and eliminate costly errors requires a 
man who knows electrical steels from A 
to Z, and who also knows electrical man- 
ufacturing practice. Such men are our 
Electrical Sheet Specialists. We offer 
you their cooperation. Next time you 
meet a problem involving the selection 
or application of silicon-steel sheets, call 
the man from Carnegie-Illinois. 


U'S‘S ELECTRICAL SHEETS 
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- Chicago 
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New Ploducts 


Arc Welder.—The new ‘‘Alternarc’”’ ma- 
chine, type W, is designed to supply for 
a-c welding purposes an “uninterrupted 
infinite variation of both current and volt- 
age, with the proper voltage automatically 


supplied for each current,’’ according to the 
manufacturer, the Electric Arc Cutting and 
Welding Company of Newark, N. J. This 
continuous constant-energy control is said 
to result in important economies in power 
consumption, and also in constant heat at 
the point of weld. Improvement in power 
factor also is claimed. The continuous 
rather than step-by-step control is effected 
through a control coil in the transformer 
and a movable portion of the transformer 
core. The illustration shows a _ 1,500- 
ampere assembly made up of three 500- 
ampere units. 


Pothead.—The G & W Electric Specialty 
Co., Inc., Chicago, is offering a new pot- 
head, type “T,’” outdoor capnut, single 
conductor, 7,500-volt, 250- and 500-ampere. 
Features include solderless clamp _ style 
internal and external connectors using a 
separate clamping plate which accommo- 
dates one range of conductor sizes in one 
position and another range of conductor 
sizes with the clamping plate reversed. 
The one set of connector parts takes care of 
an unusually large range of cable sizes. 
The external lug is designed so that the 
aerial conductor can be clamped vertically 
or horizontally by merely turning the clamp 


plate 90 degrees. The base sealing fitting 
is a stuffing box style, using oil-proof, 
molded rubber squeeze bushing. The hole 
in this bushing need only be varied for 
different cable diameters. 


Small Mercury Arc Rectifier.—A small 
capacity, permanently evacuated rectifier 
unit using a glass heat-resistant bulb as a 
vacuum chamber, has been placed on the 
market by the rectifier division of the Allis- 
Chalmers Mfg. Co., Milwaukee, Wis. 
These new rectifier units require neither 
vacuum pumps, vacuum gauges, nor cooling 
water, being air-cooled by means of a small 
fan, and are available in sizes ranging from 
50 kilowatts, 250 volts, to 300 kilowatts at 
600 volts, or even higher voltages, furnished 
in factory wired and assembled cubicles. 
The necessary transformers and circuit 
breakers may be placed in any convenient 


For 


cubicle. 
larger power requirements several units may 


location adjacent to the 


be operated in parallel. They are especially 
adaptable to small traction systems and to 
industrial loads of moderate d-c power re- 
quirements. Where change-overs from di- 
rect to alternating current are being made, 
such rectifier units often permit economical 
continued use of existing d-c equipment. 


Distinctive Secondary Racks 


piece malleable casting so that as- 
sembled Rack may be placed in po- 
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sition over heads of through-bolts 
projecting from pole. Hence, upper 
extension is unnecessary. Initial 
trial order accepted priced at $1.00 
each less insulators, F.O.B. Bran- 
ford, in bundles of 5 units—or 
sample sent without obligation to 
interested Supt. or Engineer. 


Produced by established manufacturer of Williams Pole Mounts, Pole Stub- 
bing Clamps, Aerial Cable Messenger Clamps and Insulated Hangers, Mal- 
leable Crossarm Gains, Transformer Gain Plates and Kick Arms, Through- 


MALLEABLE IRON FITTINGS COMPANY 


This Universal Type Secondary 
Rack, for standard 8-in. spacing 
with standard 3-in. wet-process in- 
=F oa sulators, tests to ultimate tensile 
4 | strength Spee 15,000 Ibs. in 
Ae irect pull on through-bolts. Has 
: i safe working load up to crushing 
ama IGN strength of insulators, Vertical load 
tH - Ha | an) without distortion over 2,000 Ibs. 
| ui il Side load capacity over 7,000 lbs. 
INS iu | | Note bolt holes slotted in main one- 
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oe IPH | We] 
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V | f \ | bolt Guying Devices, etc. 
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For FLASHING « 
of LIGHTS ona . 


Continuous Cycle 
This Dunco type TD-247 Elec- 


tronic Time Delay is of the re- 
peating type designed to flash 
lights at the rate of 40 flashes 
per minute. 


Timers 
are available 
for any timing 
combination. 


KNOW YOUR 
REQUIREMENTS 


129 N. Juniper St. Philadelphia, Pa. 
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INSULATOR 


- PROBLEM... 


Universal will take the worry 
off your mind by working 


with you to produce a design 
that wil! definitely eliminate 
all trouble caused by improp- 
er insulator application. Dry 
processed. Extremely close di- 
mension tolerances. Write for 
experimental samples. 
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AN INSULATED MULTIPLE TAP CONNECTOR FOR UNDERGROUND DISTRIBUTION 


Left: 


bined insulated multiple terminal 


Burndy Studmole, a com- 


MOLIMITER 
and bushing. Replaces porcelain: bush- Burndy Limiter Lug installed at Mole 
ings and gaskets on network protectors, t outlet and insulated by Asbestite shell 
seals out moisture and gas, provides and rubber jacket. Especially useful for fusing 
TERMINAL BUSHING many connections in limited space. cables at network junction points. 


48 Write for your copy of Bulletin No. 5041—“Burndy Underground Equipment” 
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A.1.E.E. STANDARDS 


THE Standards of the American Institute of 
Electrical Engineers now comprise forty-six 
sections on electrical machinery and apparatus. 
They are chiefly devoted to defining terms, con- 
ditions, and limits which characterize behavior, 
with special reference to acceptance tests, 
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and many of them are recognized officially as 
American Standards. 


The Standards available are listed below, together with prices. A discount of 50% Is allowed to Institute members. 
Such discount is not applicable on extra copies unless ordered for other members. Numbers of the Standards Sec- 
tlons should be given when ordering. A binder (illustrated above) for standards Is available. Long wearing stiff 


covers, resembling leather, lettered in gold. Price $1.75 net. 


(Figures in Parentheses Give Dates of Latest Editions) 
*61 Specifications for Soft or Annealed Copper 


No. 1. General Principles Upon Which Temperature l J 
Limits Are Based in the Rating of Electrical Wire. (Nos. 60 and 61 published as one 30 
: $0.20 pDamphlet)i(O-28))newaae ies steerer eee eee : 
Machineryi(4-25) hewn cis ter mranetrerie ntti : bie ek 
; . . C8.4 Specifications for 30 Per Cent Rubber Insula- 
4 Measurement of Test Voltage in Dielectric Hon" for Wicecand Cable tort Generali pee 
A es eee ie veer ie ae poses C1936); ., aan eae ee 20 
C50 one ne Tak. Supersedes Nos. 4.30 *C8.5 Specifications for Cotton Covered Round 
Es te eters eRe ety! ; Copper Magnet Wire. (See C8.7 for 
wiht] TRaNWER? Nate Wwers(GESWA): 3.0 boo cob usebo0d00n 50 price cndoe oun On Oe ee ee 
*12 Constant Current Transformers (1-34)....... 30 *C8.6 Specifications for Silk Covered Round Copper 
13 Transformers, Induction Regulators and Reac- Magnet Wire. (See C8.7 for price.)..... 
tors: 5230) Merete ein aule corey: cen erie aces .40 *C8.7 Specifications for Enameled Round Copper 
*14 Instrument Transformers (3-25)..........--. 30 Magnet Wire. (C8.5, 8.6 and 8.7 pub- 
*15 Industrial Control Apparatus (5-28)........ .40 lished as one pamphlet) (1936).......... .30 
*16 Railway Control Apparatus (1-33)......... .40 **C8.11 Code Rubber Insulation for Wire and Cable 
*17— Mathematical Symbols (9-98). ..........08: 30 ic for Bone bas Sk : "1 oe ha f : -20 
*17g91 Letter Symbols for Electrical Quantities (11-28) .20 8.12 perpen reaeees aerate and Cable for 920 
Se as | ee, d ses (1935)... sees seen : 
1732 “ie ee Bs ie eecree unt ee 90 ee Tree vie Coverings (1936)........ vena .20 
**17g93 Graphical Symbols for Radio (1-34)........ .20 ol Se ay Coble ver ue kee 
"1785 Graphical Symbols for Electric Traction In- (1936)... «sense heme ee 20 
cluding Railway Signaling (1-34)......... x **C8.18 Weather Resistant Wire and Cable URC Type 
*"17g6 Graphical Symbols for Telephone and Tele- 1936): svn Wan eles ds Renee nae .20 
Pe graph Use 3-29)... 00sec ences e eee 20 **792 Specifications for Weatherproof Wires and 
18 Capacitors (6-34) sirelteile leissitsitelte [oielloiiexeitel-s) sieietalieeis .20 Cables. (See No. 73 for price.) Ue ae 
19 Oil Circuit Breakers (4-38) (NEW)......... 40 **73 Specifications for Heat-Resisting Wires and 
So) ANP (Cieniit BrgaleaG (GO). s ooaanccoccnac 30 eae byanog and 73 published as one a 
22 Disconnecting and Horn Gap Switches (7-25) .30 pen aaue ST Leet ee ee en herent ae 3 
‘ ; : 100 Recommendations for the Operation of Trans- 
*C37.1(23) Relays Associated with Power Switchgear formers (6-30)... oo neo ee ee 20 
(1937) (NEW)... .- 20. essere eee -40 500 Test Code for Polyphase Induction Machines 
*C37.2(26) Automatic Stations (1937) (NEW) ..... .40 (8-37) cc5 0 ee Facet ee eee 50 
27 Switchboards and Switching Equipment for = 
PowemandieightiGlO-30))semien seni 30 Total Cost of Complete Set............... $13.30 
*98 Lightning Arresters (8-36) otieuis' (at 0) eile eters elspel ete! « .30 * Approved as American Standard. 
BY) NOR cnel Caldas GES). conc accnoocsene .40 ** Approved as American Tentative Standard. 
*C39.1(33) Electrical Indicating Instruments (7-38) (NEW) .40 
“RY Stone at B(CO))5 oan cnccasucsounce .20 SECTIONS IN PREPA RATI ON 
*38 Electric Arc Welding Apparatus (1-34)..... .40 : } : J 
*39 Electric Resistance Welding Apparatus (1-34). 30 Six such sections are now available in report form for 
#41 EInculatarsi@:30) een. ec pone 30 purpose of caer and copies will be sent without charge 
**49 Symbols for Electrical Equipment of Buildings Spe RUeSt ese sections are as follows: 
(19-93) or Boe Fees .20 No. 6 Mercury Arc Rectifiers. 40 Electrical Recording Instru- 
nts. 
*46 Hard Drawn Aluminum Conductors (6-27)... . 20 25 Fuses Above 600 Volts. =P Testicscerer Transformers. 


— Test Code for Synchronous 
Machines. 


*60 Specifications for Tinned Soft or Annealed 


501 Test Code for D-C Machines. 
Copper Wire. (See No. 61 for price.).... 


33 West 39th Street 
New York 


American Institute of Electrical Engineers 
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ROLLER-SMITH Announces 


NEW 
Catalog AE 48-a 


oo covering a complete line 
‘ofles-Smith Co. 
Bermmmm Pa GR 


of panel type A. C. and 
D. C.jinstruments, 
round and rectangular, 


flush and surface. 


HIS announcement will be of great 
interest to all users of the smaller 


sizes of instruments. Case dimensions 


are 3” and 4”. 


of listings. 


There is a wide variety 
The line includes amme- 
ters, voltmeters, wattmeters and fre- 


quency meters. 


Send for your copy of NEW Catalog 
AE 48-a 


OLLERSMITH COMPA 


lectrical 4 and Protective Apparatus 
MAIN OFFICE WORKS 


12 Park Place, New York Bethlehem, Pa. 


NOT THE LARGEST bu 


Pad ‘ ig . é| <5 p B a Ss 3s 
é pS Y 


LOmeMEERTS YOUR 
SPECIALIZED CONTROL 
REQUIREMENTS — ANY 
QUANTITY AS YOU 
WANT THEM—WHEN 
YOU WANT THEM... 


Engineering Laboratory—devoted solely to the 
design of electrical control units from simple to 
most intricate combinations... uniform in size... 
space-saving ... simple, better and more economical. 


Above—Guardian Electric’s production lines where in- 
numerable types of control units arrive from other depart- 
ments for final assembly. These may comprise relays, discs, 
contact combinations, stepping switches, solenoids, springs, 
auxiliary time delay, muting and holding relays, metal 
housings and brackets, and other special parts. All these 
flow together smoothly in the hands of competent, trained 
electrical workers... and every part is designed, fabricated, 
tested, and assembled in one plant .. . Guardian’s! 


Ask Us To Make Specific Recommendations To Fit Your 
Special Requirements. Write For Catalog K Today! 


Stepping Relay 


GUARDIAN 


Eta Ww. Walnut. St. 


(@ ELECTRIC 


DECEMBER 1938 Please mention ELECTRICAL ENGINEERING when writing to advertisers 


Panel 
Mounting : | 
OLTROL | 


VOLTROL! b= 


@ No laboratory is complete without a means of stepless 
voltage control such as provided by the Acme Voltrol. Manu- 
ally operated, the Acme Voltrol provides for stepless regula- 
tion of A. C. voltage from 0 to 135 volts. For production- 
line testing this unit has no comparison. 


Put voltage control on all test boards and discover the per- 
formance characteristics of your product under all voltage 
conditions. The NEW Voltrol is lower priced than ever. 


Write for catalog. 


THE ACME ELECTRIC & MFG. CO. 


Transformer Specialists 


22 WATER STREET e CUBA, NEW YORK 


Inquiries invited from manufacturers who use small, special char- 
acteristic transformers in quantity. 


ENGINEERING SOCIETIES 
EMPLOYMENT SERVICE 


when you need to fill important 
executive or engineering positions. 


It saves time. 


It supplies qualified men. 


The Engineering Societies Employment Service 
33 West 39th St. 211 W. Wacker Drive 57 Post St. 
New York Chicago San Francisco 


10 -DAY FREE TRIAL OFFER 


ANY stopwatch listed in 
our catalog No. 12E 
fully illustrating and de- 
scribing more than 40 types 
Ask for 
No 


Cay 


of stopwatches. 
your FREE copy. 


salesman will call. 


A. R. & J. E. MEYLAN 


“Specialists in timing instruments” 
268 West 40th St., New York City 
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Professional Engineering 


Directory 


BLACK & VEATCH 


Consulting Engineers 


Water, Steam and Electric Power Investi- 
gations, Design, Supervision of Construc- 
tion, Valuation and Tests 


4706 Broadway KANSAS CITY, MO. 


FRANK F. FOWLE & CO. 


Electrical and Mechanical 
Engineers 


35 East Wacker Drive CHICAGO 


FREDERICK S. GILLER 
Mem. A.LE.E., AS.M.E., LSE. RI. 


International Business Consultant 


Advisor and Representative for American " 


Businessmen in Great Britain 
Advantageous European Connections 
Englishman, Americantrained.. References 


‘Fairseat,’”? Hextable, Kent, ENGLAND 


JACKSON & MORELAND 
ENGINEERS 


Public Utilities—Industrials 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORK 


Z. H. POLACHEK 


Reg. Patent Attorney 
Professional Engineer 


PATENT—TRADE MARK SPECIALIST 
Individual or Yearly Basis 


1234 Broadway Phone 
(At 31 St) NEW YORK Longacre 5-3088 


SANDERSON & PORTER 
ENGINEERS 


FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 


of 
INDUSTRIALS and PUBLIC UTILITIES 


Chicago New York San Francisco 


Professional services over a 
wide range are offered by 
these cardholders. 


Consult the directory when in 
need of specialized engineer- 
ing advice. 
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SARGENT & LUNDY 


Incorporated . 


ENGINEERS 


140 South Dearborn Street 
CHICAGO, ILLINOIS 


GEORGE T. SOUTHGATE 


ELECTRICAL AND 
THERMAL ENGINEER 


Consultant in 
Apparatus, Process and Patent Matters 


Office and Laboratory 


114 East 32nd Street NEW YORK 


A card here will keep your 
name and specialized service 
constantly before 20,000 
readers of this publication. 


HOWARD S. WARREN 


Consulting Electrical 
Engineer 


420 Lexington Ave. NEW YORK 


THE J. G. WHITE 
ENGINEERING CORPORATION 


Engineers—Constructors 


Oil Refineries and Pipe Lines, 
Steam and Water Power Plants, 


Transmission Systems, Hotels, Apartments, 
Offices and Industrial Buildings, Railroads 


NEW YORK 


80 BROAD STREET 


J. W. WOPAT 


Consulting Engineer 


TELEPHONE ENGINEERING 
Construction Supervision 
Appraisals—Financial 
Rate Investigations 


303 East Berry St. Fort Wayne, Indiana 


J. G. WRAY & CO. 


Engineers 
Utilities and Industrial Properties 


Appraisals Construction Rate Surveys 


Plans Organizations 


l ; ganiz Estimates 
Financial Investigations 


Management 
105 West Adams St., Chicago 


Employment 


Bulletin 


Engineering Societies Employment Service 


MAAINTAINED for their members by the national so- 
cieties of civil, mining, mechanical, and electrical 
engineers, in co-operation with other organizations. An 
inquiry to any of the three offices will bring full informaticn. 

weekly bulletin of engineering positions open is 
available to members of the co-operating societies at a 
subscription of $3 per quarter or $10 per annum, payable 
in advance. 


In the interest of effective service, it is essential that 
members using the employment service keep the bureau 
office serving them advised at reasonable intervals con- 
cerning their availability for employment, concerning any 
change in status, and immediately upon acceptance of any 
employment. 


Employers interested in the following announcements 
should address replies to the key numbers indicated, and 
mail to the New York office. 


Men Available 


M.S.E.E., Illinois, 1933, B.S.E.E., Colorado, 
1931, Tau Beta Pi, Eta Kappa Nu, Sigma Xi, quali- 
fied agricultural engr, now employed, desires pos 
elec engg, North or South Am. E-364. 


E.E., married; 28 yrs gen consulting exper in 
elec, mech, chem fields; investigations; reports; 
research; constr; Diesel pwr plants, air condition- 
ing instal; NY State license. Prefers NYC. E- 
355. ‘ 

E.E., located in England, is interested in repre- 
senting a pub util corp in Britain, India or China. 
E-352. 

B.S.E.E., Clarkson Col of Tech, ’36; 2 yrs exper 
in aircraft layout and draftg. Desires sales pos 
with co that mfrs parts and eqpt (elec) for use in 
aircraft. E-356. 


B.S.E.E., 1936, 25, single, member Eta Kappa 
Nu. Student course large radio corp; one yr in 
research dept as test engr. Interested in radio, 
television or electronics research. E-358. 


B.S.E.E., ’38, Univ of Iowa; age 23, member 
Tau Beta Pi. Conscientious; desires pos in elec 
field, com preferable. Anything elec considered. 
Location immaterial; salary secondary. Available 
immed. E-361-9775-Chicago. 


B.S.E.E., 1938, S.D. Sch of Mines, grad with 
high honors. Sigma Tau; single, 25. Most in- 
terested in elec machine and turbine des and mfr. 
Opportunity primary. Salary secondary. Avail- 
able immed. E-362-9776-Chicago. 


B.E.E., ’35, Brooklyn Poly, some grad work. 
Desires pos with elec mfr or constr co. Very ca- 
pable, knows how to work. Salary secondary. 
Availableimmed. E-365. 


ELEC AND MECH MAINTENANCE ENGR, 
good tech background; 14 yrs exper in elec and mech 
pwr eqpt instal, oprn and maintenance. Resource- 
fulness and initiative. Location immaterial; de- 
sires change. E-353. 


CHIEF ELECTRICIAN desires pos in mainte- 
nance, oprn and constr work; 18 yrs exper in this 
line of work. Any good elec opening considered. 
Available immed. Location immaterial. E-359. 


E.E., M.E., single, 39; 18 yrs constr and oprn 
pwr houses, substations, distr; 8 yrs division mgr 
util property, Diesel pwr houses; charge oprn, 
maintenance and estimates for extensions. Loca- 
tion immaterial. E-357. 


YOUNG ENGR interested in indus mgmt work 
in elec mfg concern. Time study, util oprn, ltg and 
Dwe sales exper. B.S.E.E., ’34, married, 28. E- 

66. 


B.S.E.E., ’32, single, 27; 5 yrs exper mfg and 
engg depts large elec appliance mfr. Desires simi- 
lar affiliation; ample initiative and willingness to 
take on responsibility; location, Middlewest, New 
England. E-351-9626-Chicago. 

B.S., 30, M.S. 33, E.E., W.S.C. Westinghouse 
engg, elec des schools; application, gen engg. Re- 
search engg. Desires pos with mfr, util, indus, re- 
search. Des, draftg, system engg, application. 
Wash. license, West. E-354. 


E.E., 26; 6 yrs exper, including G.E. test, des 
and high voltage lab. Also high voltage cable in- 
sulation research and credit toward higher deg. 
Employed. Fine ref. E-360. 

E.E., Rensselaer 34; A.B., Math; Sigma Xi; 
research spot welding steels and non-ferrous alloys; 
exper machine des and testg. Desires pos welding 
engr or elecengr. E-363. 

B.S.E.E., 19386, Ga Tech; exper des, const, 
oprn, elec util plants and tel systems. Sales exper. 
Fluent Spanish. Desires domestic or foreign con- 
nection, sales or service. E-367. 


ENGINEERING SOCIETIES 
EMPLOYMENT SERVICE 


New York SAN FRANCISCO CHICAGO 
31 W. 39th St. 57 Post St. 211 W. Wacker Dr. 


DECEMBER 1938 


ENGINEERING SOCIETIES 
pieaks LIBRARY 


phies, pam- 
Larned oh Founder Societies 
e 
ond nti AMERICAN SOCIETY OF CIVIL ENGINEERS 
Rlacation AMERICAN INSTITUTE OF MINING AND METALLURGICAL ENGINEERS 
subject, title THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
Raat atihor AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
with innum- : : 
erable cross Life would be simple, if all that we wanted to know could be gleaned from a 
references few basic books. Since specific information is desired on highly specialized 


technical subjects, that gives the Engineering Societies Library its definite purpose. 
Bee e No one will ever need for individual use all of the books, periodicals and bibliog- 
Sree in’ b coo raphies in the Library, but what one does want is specific information on some 
separate from  “¢finite topic at times. Some of these requirements are so highly specific as to 


main teading make necessary searches to secure the right answer for specific interests. 


room vps : , ‘ ; 
Within the shelves of the Library are the collective memory of engineers, their 


experiments, their developments, their theory, their practices, their success, 
their failures. The Library is proud of its work and its record of service. 


You should know about the Engineering Societies Library and some of the 
things that it can do for you—Searches, Translations, Photo Prints, Lending 
Books. Searches may cover any conceivable angle—history, design, development, 
patents, production. Translations from any book or periodical on file. 
Photo Prints of pages or complete chapters or articles, illustrations, 
charts, tables. Lending Books on a general or specific subject excepting 
only those that are basic reference books and those that are valued be- 
cause of rarity, or antiquity, or are irreplaceable. This Library Service is 
yours for a nominal charge and may be had by mail, telephone and in 
person. The Library is maintained to serve the members of the Founder 
Societies and will do everything it can to help them. 


A Located in the Engineering Societies Building 
ah a adam i 29 West 39th Street, New York, N. Y. 


Building 


Periodicals are arranged 
alphabetically by names of 
publications 


150,000 volumes arranged 
for ready reference in well 
lighted bays and tiers 


Long tables placedin spacious 
bays make comfortable 
reading rooms 


Z 6 ta Pera 
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AMMETER COMPENSATING COILS 
Minerallac Electric Co., Chicago 


AMMETERS, VOLTMETERS 
(See INSTRUMENTS, ELECTRICAL) 


BATTERY CHARGING APPARATUS 
General Electric Co., Schenectady, N. Y. 


BUS BAR SUPPORTS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


CABLE ACCESSORIES 
Anaconda Wire & Cable Co., New York 
General Electric Co., Schenectady, N. Y. 
Minerallac Electric Co., Chicago 


CAPACITORS 
Aerovox Corp., Brooklyn, N. Y. 
General Electric Co., Schenectady, N. Y. 


CIRCUIT BREAKERS 


Air-Enclosed 


General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., New York 


Oil 
Allis-Chalmers Mfg. Co., Milwaukee 


General Electric Co., Schenectady, N. Y. 
Roller-Smith Co., New York 


CLAMPS, GUY & CABLE 


Malleable Iron Fittings Co., Branford, Conn. 


CONDENSERS, ELECTROSTATIC 
Aerovox Corp., Brooklyn, N. Y. 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 


CONDUIT PRODUCTS 
General Electric Corp., Bridgeport, Conn. 


CONNECTORS, SOLDERLESS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


CONTROLLERS 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 
Rowan Controller Co., Baltimore, Md. 


CONVERTERS, SYNCHRONOUS 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


DYNAMOS 
(See GENERATORS AND MOTORS) 


ELECTRONIC TUBES 
General! Electric Co., Schenectady, N. Y. 


GENERATORS AND MOTORS 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


GROUND RODS 
Anaconda Wire & Cable Co., New York 
Copperweld Steel Co., Glassport, Pa. 


INSTRUMENTS, ELECTRICAL 


Graphic 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., New York 


Weston Elec. Instrument Corp., Newark, N. J. 


Indicating 


Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., New York 


Weston Elec. Instrument Corp., Newark, N. J. 


Integrating 


Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 


Weston Elec. Instrument Corp., Newark, N. J. 


Scientific, Laboratory, Testing 


Acme Elec. & Mfg. Co., Cuba, N. Y. 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., New York 


Weston Elec. Instrument Corp., Newark, N. J. 


INSULATING MATERIALS 


Cloth 


General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 
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Advertised Products Index 


INSULATING MATERIALS (cont'd) 


Compounds 


General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 


Moulded 
General Electric Co., Bridgeport, Conn. 


Paper 
General Electric Co., Bridgeport, Conn. 


Porcelain 
Universal Clay Products Co., Sandusky, O. 


ae 


Tape, Friction 


Minerallac Electric Co., Chicago 
Okonite Company, The, Passaic, N. J. 


Varnishes 


General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 


INSULATORS, PORCELAIN 
General Electric Co., Schenectady, N. Y. 
Ohio Brass Co., Mansfield, O. 
Universal Clay Products Co., Sandusky, O. 


LIGHTNING ARRESTERS 
General Electric Co., Schenectady, N. Y. 


LOAD RECORDERS—CONTROLLERS 
Leeds & Northrup Co., Philadelphia 


LOCOMOTIVES, ELECTRIC 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


METERS, ELECTRICAL 
(See INSTRUMENTS, ELECTRICAL) 


MOTORS 
(See GENERATORS AND MOTORS) 


POLE LINE HARDWARE 


Malleable Iron Fittings Co., Branford, Conn. 


Ohio Brass Co., Mansfield, O. 
POLE MOUNTS 


Malleable Iron Fittings Co., Branford, Conn. 


PORCELAIN, ELECTRIC 
Universal Clay Products Co., Sandusky, O. 


RECTIFIERS 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


REGULATORS, VOLTAGE 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Roller-Smith Co., New York 


RELAYS 
Dunn, Inc., Struthers, Philadelphia 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., New York 


Weston Elec. Instrument Corp., Newark, N. J. 


RESISTORS 
Aerovox Corp., Brooklyn, N. Y. 
Dunn, Inc., Struthers, Philadelphia 
General Radio Co., Cambridge, Mass. 
Ohmite Mfg. Co., Chicago 


RHEOSTATS, LABORATORY 
General Electric Co., Schenectady, N. Y. 
Ohmite Mfg. Co., Chicago 


SHEETS, ELECTRICAL 
Carnegie-Illinois Steel Corp., Pittsburgh 


SUB-STATIONS 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


SURGE ABSORBERS 
Ferranti Electric, Inc., New York 


SWITCHBOARDS 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., New York 


SWITCHES, AUTOMATIC TIME 
General Electric Co., Schenectady, N. Y. 
Minerallac Electric Co., Chicago 


SWITCHES, DISCONNECT 
General Electric Co., Schenectady, N. Y. 
Roller-Smith Co., New York 


SWITCHES, GENERATOR FIELD 
I-T-E Circuit Breaker Co., Philadelphia 


TOWERS, TRANSMISSION 
American Bridge Co., Pittsburgh 


TRANSFORMERS 
Acme Elec. & Mfg. Co., Cuba, N. Y. 
Allis-Chalmers Mfg. Co., Milwaukee 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 


TURBINE GENERATORS : 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


TURBINES 
Allis-Chalmers Mfg. Co., Milwaukee 
General Electric Co., Schenectady, N. Y. 


WATCHES, STOP 
Meylan, A. R. & J. E., New York 


WELDERS, ARC 
General Electric Co., Schenectady, N. Y. 


WELDING WIRE . 
American Steel & Wire Co., Chicago 
General Electric Co., Schenectady, N. Y. 


WIRES AND CABLES 


Aluminum 
Aluminum Co. of America, Pittsburgh 


Armored Cable 
American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Crescent Ins. Wire & Cable Co., Trenton, N. J 
General Electric Co., Schenectady, N. Y 
Kerite Ins. Wire & Gable Co., New York 
Okonite Company, The, Passaic, N. J. 


Asbestos Covered 


American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
General Electric Co., Bridgeport, Conn. 
Okonite Company, The, Passaic, N. J. 


Bare Copper 
American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Copperweld Steel Co., Glassport, Pa. 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 


Bronze 
Copperweld Steel Co., Glassport, Pa. 


Copper Covered Steel 


American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Copperweld Steel Co., Glassport, Pa. 


Flexible Cord 


American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Electric Co., Schenectady, N. Y. 
Okonite Company, The, Passaic, N. J. 


Heavy Duty Cord 
American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
Okonite Company, The, Passaic, N. J. 


Lead Covered (Paper and Var. Cambric Ins.) 


American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Okonite-Callender Cable Co., Passaic, N. J. 


Magnet 


American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Electric Co., Schenectady, N. Y. 


Rubber Insulated 
American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 


Tree Wire 


American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 


Weather proof 
American Steel & Wire Co., Chicago 
Anaconda Wire & Cable Co., New York 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
Copperweld Steel Co., Glassport, Pa. 
General Electric Co., Schenectady, N. Y. 
Okonite Company, The, Passaic, N. J. 
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This very hour, millions of | —affairs of business transacted. 
words are being spoken by tele- A doctor comes quickly in answer 


phone. Friend talks to friend to a hurried call. 


and two lives are happier be- And day and night, the coun- 

cause of it. try over, these oft-repeated words 
Greetings and best wishes areex- _ reflect the value of the telephone 

changed—holiday visits arranged ...“I’m glad you called.” 


BELL TELEPHONE SYSTEM 


In the Northern 
States, on the Gulf 
Coast, and both east 
and west—Minerallac 
insulating Com- 
pounds are specified 
... proving that these 
materials do ‘‘stand 
up’’ no matter what 
change in tempera- 
ture may arise. 
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MINERALLAC ELECTRIC CO. 


25 NORTH PEORIA ST. 


4 
Complete 


Type 900 KBF 
Combination Oil 
Immersed Starter 
includes: reduced 
voltage starting — 
Safety Disconnect 
Switch—Rowan Air- 
Seal Fuses—Rowan 
Magnetic Overload 
Relays—and many 
other outstanding 
Rowan features. It 
is, in fact, a con- 
trol unit incorpo- 
rating all the nec- 
essary requirements 
of a complete 
reduced voltage 
starter. 


CHICAGO 


THE ROWAN CONTROLLER CO., BALTIMORE, MD. 
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Determining Voltage Distribution 


simple, direct and accurate method of 


determining the voltage distribution a- 
cross multishell high-voltage insulators is 
provided in the use of the General Radio 
Type 740-B Capacitance Test Bridge. 


This bridge measures both the total capaci- 
tance and the direct capacitance between 
the shells of high-voltage insulators. As 
the voltage distribution varies inversely as 
the capacitance, the determination of voltage 
distribution and the prediction of corona 
can be accomplished with little extra calcula- 
tion. 


By using this bridge, laboratory and shop 
checks on the design and performance of 
insulators can be made at low voltages with 


results which check closely with high-voltage 
corona tests. 


The Type 740-B Bridge is also useful for 
measuring the dielectric constant, intercon- 
ductor and conductor-to-shield capacitance 
of cables and wires and for measuring the 
interwinding and winding-to-ground capaci- 
tances of transformers. 


This bridge is completely self-contained. It 
uses an electron-ray visual indicator. It is 
direct reading in capacitance from 5 micro- 
microfarads to 1100 microfarads and_ dissi- 
pation factor from 0 to 50%. It operates 
from a 115-volt 60-cycle power line. 


Type 740-B Capacitance Test Bridge. .$140.00 


e Write for Bulletin 341 for Complete Data 


GENERAL RADIO COMPANY 


Cambridge, Massachusetts 
BRANCHES: NEW YORK AND LOS ANGELES 
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